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Abstract 25 
One of the most influential observations in molecular evolution has been a strong association between 26 
regional recombination rate and amount of nucleotide polymorphism in those genomic regions, 27 
interpreted as evidence for ubiquitous natural selection. The alternative explanation, that recombination is 28 
mutagenic, has been rejected by the absence of a similar association between regional recombination rate 29 
and nucleotide divergence between species. However, many recent studies show that recombination rates 30 
are often very different even in closely related species, questioning whether an association between 31 
recombination rate and divergence between species has been tested satisfactorily. To circumvent this 32 
problem, we directly surveyed recombination across approximately 43% of the D. pseudoobscura 33 
physical genome in two separate recombination maps, and 31.3% of the D. miranda physical genome, 34 
and we identified both global and local differences in recombination rate between these two closely 35 
related species.  Using only regions with conserved recombination rates between and within species and 36 
accounting for multiple covariates, our data support the conclusion that recombination is positively 37 
related to diversity because recombination modulates hitchhiking in the genome.  Finally, our data show 38 
that diversity around nonsynonymous substitutions is recovered at closer distances in areas of higher 39 
recombination than in areas of lower recombination — empirically demonstrating that recombination rate 40 
can limit the size and severity of potential selective sweeps.   41 
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Introduction  43 
Homologous meiotic recombination has an important role in molecular evolution. The breakdown 44 
of linkage disequilibrium between loci allows selection to act more efficiently, purging deleterious 45 
mutations and accelerating adaptation [1]. Such indirect effects of recombination on the genome  [2] 46 
result in a positive association of the rate of recombination and adaptive evolution [3-5]; for example, 47 
there is a positive association between recombination rate and codon usage bias (whereby those codons 48 
coded for by the most abundant tRNAs are ‘preferred’ and used more often [6]).  Recombination has 49 
direct effects on a genome sequence as well, as recombination influences base composition through 50 
biased gene conversion and the distribution of repetitive elements, hotspot sequences, and indels [2,7-11]. 51 
Understanding the magnitude of indirect effects in light of these direct effects has proved challenging [2].  52 
One striking association is the positive relationship of local recombination rate and nucleotide 53 
diversity [7]. Originally described in Drosophila melanogaster [7], the positive relationship between 54 
recombination and nucleotide diversity has been demonstrated in a wide range of taxa, including humans, 55 
mice, yeast, maize, and tomatoes (reviewed in [12]). It is not fully understood how much of this 56 
relationship results from recombination’s indirect vs. direct effects on the genome. For instance, the direct 57 
effect of potential increases in mutation rate  during crossing over or double-strand break repair may 58 
increase diversity [13-19]. Alternatively, recombination may indirectly influence genetic diversity by 59 
mitigating the genomic footprint of selective sweeps and background selection [20-22].  60 
 One way to distinguish between these general hypotheses is to test the relationship of divergence 61 
to recombination at neutral sites, as truly neutral mutations are substituted at the same average rate 62 
between species as they appear between generations, even if linked to sites under selection [23,24]. This 63 
allows us to predict that both within-species nucleotide diversity and between-species nucleotide 64 
divergence would have a positive relationship with local recombination rate [7] , if the recombination-65 
diversity association was purely caused by mutation. In contrast, selective sweeps and background 66 
selection will cause an association of recombination and within-species nucleotide diversity, but not a 67 
relationship of recombination to between species-nucleotide divergence [22,24].  The absence of an 68 
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association of between-species nucleotide divergence and recombination rate suggests that variation in 69 
recombination rate translates to variation in the efficacy of selection (Figure 1) [7]. Past work relating 70 
nucleotide divergence to recombination rates has produced conflicting results. Notably, human-chimp 71 
nucleotide divergence is positively associated with recombination in humans [25-27], but divergence is 72 
not related to recombination in several species of Drosophila, mouse, beet, yeast and other species 73 
[7,12,28-32]   74 
The test above, however, is only relevant if local recombination rates are conserved between the 75 
two species used to generate the nucleotide divergence measure.  If recombination rate has diverged 76 
between the two species, no relationship between recombination and nucleotide divergence may be 77 
detected even when recombination is mutagenic (see Figure S1). Recombination rates, especially at fine 78 
scales, are often not conserved among closely related species, as is the case between humans and 79 
chimpanzees [33-35] ; thus, the assumption of conservation in recombination rates may be violated in 80 
previous studies, and a more definitive understanding of the diversity-recombination association awaits 81 
estimates that are free from this assumption. 82 
Also unclear is whether variation in local recombination rates translates to significant variation in 83 
the efficacy of selection [2]. Regions where recombination is completely absent accrue deleterious 84 
mutations [36-38], but, theoretically, only small amounts of recombination are needed to alleviate this 85 
mutational load. Thus, recombination rate is expected to have little association with the efficacy of 86 
positive or negative selection beyond this threshold [39]. Several studies have tackled this problem [40-87 
47], and many findings suggest that recombination rate influences the efficacy of positive or negative 88 
selection even in regions of moderate or high recombination. Still, various confounding factors (e.g. 89 
biased gene conversion, gene density) may produce spurious correlations between both recombination 90 
and substitution rate, and some authors suggest that strong evidence that recombination can affect the 91 
efficacy of selection is lacking (aside from reduced selection in regions with essentially no recombination 92 
[2]).   93 
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The Drosophila pseudoobscura system is ideal for pursuing questions about recombination rate 94 
variation and its molecular evolutionary consequences. The average crossover rate of D. pseudoobscura 95 
(about 7 cM/Mb in females) is over twice that of D. melanogaster [48] and there is considerable fine-96 
scale ( < 200 kb windows) variation in recombination rate within the genome of D. pseudoobscura and 97 
within that of its sister species, D. persimilis [17,28,49]. While some recombination data are available for 98 
both D. pseudoobscura and D. persimilis, these sister taxa interbreed in the wild [50-52], and are 99 
therefore not ideal for examining the divergence-recombination association. For example, shared 100 
polymorphism due to hybridization and recent speciation may be responsible for the positive divergence-101 
recombination association found in a previous study [17] (see also [27,47]). Fortunately, a third species, 102 
D. miranda, which does not interbreed with D. pseudoobscura  is tractable in the laboratory (though there 103 
is still some residual shared ancestral polymorphism: [53]). Further, we obtained the genome sequence for 104 
a slightly more distantly related outgroup species, D. lowei (Figure 2) which is useful for estimating 105 
neutral mutation rate across the genome. 106 
In this work, we generate and compare two fine-scale recombination maps for D. pseudoobscura, 107 
which each cover approximately 43% of the D. pseudoobscura physical genome and one fine-scale 108 
recombination map that covers approximately 31% of the D. miranda physical genome, and analyze the 109 
relationship of recombination to nucleotide diversity and divergence only in regions with very similar 110 
recombination rates between the two species, circumventing the assumption of classic studies. By 111 
employing a linear model framework to account for multiple covariates, we conclude that the contribution 112 
of recombination on diversity is significant and positive, but recombination contributes little to 113 
divergence — indicating that recombination likely modulates the footprint of selection in the genome. 114 
Next, we more directly assayed for an impact of recombination rate on the efficacy of selection. We 115 
examined whether recombination rate affects the distribution of nonsynonymous substitutions across the 116 
genome and if recombination rate affects the pattern of diversity around nonsynonymous and 117 
synonymous substitutions. In particular, our test of how recombination modulates the magnitude and 118 
physical extent of the loss of diversity following putative selective sweeps (sensu [54]) should be less 119 
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sensitive to common confounding factors such as gene expression and GC content than previous measures 120 
used for examining the link between recombination rate and selection efficacy. We find that reduced 121 
recombination rate is negatively associated with the fixation of nonsynonymous substitutions in some 122 
regions of the genome. We also find that increased recombination rates allow recovery of nucleotide 123 
diversity at physical distances closer to putatively selected variants; thus, limiting Hill-Robertson effects 124 
and allowing more efficient selection [1] . In total, this work allowed us to determine that recombination 125 
rate has an important impact on the efficacy of selection across the genome of Drosophila pseudoobscura 126 
and its close relatives.    127 
 128 
Results 129 
GENERAL SUMMARY OF RECOMBINATION DATA: FINE-SCALE MAPS 130 
We generated linkage maps for chromosome 2 and parts of the X chromosome for D. 131 
pseudoobscura and D. miranda.  Using an F2 backcross design and inbred lines, we developed two 132 
replicate recombination maps (referred to here as ‘Flagstaff’ and ‘Pikes Peak’ maps) for D. 133 
pseudoobscura and one recombination map for D. miranda using the Illumina BeadArray platform to 134 
distinguish heterozygotes from homozygotes of the inbred line used in the backcross design. These maps 135 
(Table S1) measure recombination rate across < 200kb windows, we refer to these as ‘fine-scale’ maps. 136 
Recombination was surveyed across approximately 43% of the D. pseudoobscura physical 137 
genome and about 31.3% of the D. miranda physical genome (Table S1, S2). For each of the three maps, 138 
nearly the entire chromosome 2 (97.8-99.4%), the majority of the XR chromosome arm (70.8-89.4%) and 139 
part of the XL (~22-23%) was surveyed (Table S2). After removal of double recombinants, ambiguous 140 
genotypes, and markers which did not work or gave inconsistent genotypes, recombination was measured 141 
for three different crosses for 1158-1404 individuals per map (Table S1). Excluding larger intervals at the 142 
telomeres and centromeres, intervals between markers had a median size across the three maps of 141kb-143 
148kb for chromosome 2 and 146-160kb for the XR chromosome arm (Table S1).   144 
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For chromosome 2, recombination rates ranged from 0 – 30.8 cM/Mb in D. pseudoobscura and 0 145 
– 24.0 cM/Mb in D. miranda (Figure 3; Table S2). The number of individuals surveyed is often slightly 146 
different per interval; therefore, for all intervals where no recombination was detected, we report 0 147 
cM/Mb. The recombination rate for those intervals with ‘0 cM’ should be interpreted as < 1 148 
recombination event /total number of individuals surveyed for each interval (data to be available through 149 
Dryad).  Recombination near the telomere and centromere was measured at a broader scale than the 150 
remainder of chromosome 2 because we expected these regions to have lower crossover rates than the 151 
center of the chromosome (chromosome 2 is telocentric). Because of this limitation, comparisons of 152 
recombination rates between the ends of the chromosome and the center are more tentative.  Nonetheless, 153 
examining recombination across roughly 3Mb of sequence at the telomeric-end and 3Mb at the 154 
centromeric-end, we found up to an 8.9 fold difference between the recombination rates at the middle of 155 
chromosome 2 relative to the centromeric end. The Pikes Peak D. pseudoobscura map exhibited the 156 
largest reduction of recombination at the telomeric or centromeric ends relative to the center of the 157 
chromosome for all three maps, though in the Flagstaff D. pseudoobscura map and the D. miranda map, 158 
recombination rates were reduced by at least 2.6 fold in the centromere and telomere relative to the center 159 
of the chromosome (Table S3).  160 
For the XR chromosome arm, recombination rates ranged from 0 – 25.2 cM/Mb in D. 161 
pseudoobscura and 0 – 32.3 cM/Mb in D. miranda (Figure S2; Table S2). The number of crossovers per 162 
individual for both chromosome 2 and the XR arm was close to one (1.01-1.06) for D. pseudoobscura and 163 
was 1.40-1.54 for D. miranda, illustrating an overall greater recombination rate in the D. miranda lines 164 
surveyed that extends to all genomic regions surveyed. 165 
 The XL chromosome arm was not surveyed as intensively (~22-23% of the XL arm in Pikes Peak 166 
and D. miranda and ~60% of the XL arm in Flagstaff; Figure S3). While tentative, the highest maximum 167 
recombination rate on this chromosome arm appears to be less than the highest maximum recombination 168 
rate found on chromosome 2 and XR, but the average recombination rate is similar (Table S2). The 169 
number of crossovers per individual appears consistent with ~1 crossover per chromosome arm, as in D. 170 
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pseudoobscura XR and chromosome 2, but the average crossovers per individual on the XL reflects how 171 
much of the arm was surveyed. For example, when ~22-23 % of the arm was surveyed, crossovers per 172 
individual ranged from 0.23-0.26 (Table S2).  173 
 Overall, we observe considerable heterogeneity in fine-scale recombination rates within each of 174 
the three maps, and note a reduction in recombination rate around the telomeric and centromeric ends 175 
consistent with other studies in Drosophila [28]. 176 
 177 
GENERAL SUMMARY OF RECOMBINATION DATA: ULTRAFINE-SCALE MAPS 178 
Our three fine-scale crossover maps utilized markers on average 164 – 260kb apart (average 179 
interval size for each of the three maps, with the exception of XL for the Flagstaff cross where we 180 
genotyped a marker on average every 2400 kb). We additionally examined three regions on chromosome 181 
2 in more detail. Each of these regions spanned a total of 99 -125kb, and we placed markers every ~20kb 182 
within the region (16 total intervals; Table S4, S5). These regions were originally picked because past 183 
data [17,28] indicated they had different recombination rates from each other (regions are referred to as 184 
6Mb, 17Mb, 21Mb, which indicate approximate location on chromosome 2). We refer to these as 185 
"ultrafine scale" maps.  For these ultrafine maps, we followed the same backcross scheme as above, and 186 
we scored approximately 10,000 individuals for each marker (Table S5). For the 16 ultrafine intervals 187 
(Table S4, S5), each interval was on average 20.61kb (range 12.6kb - 27.4kb). Recombination rates range 188 
from 1.6-21.2 cM/Mb for these ~20kb intervals (Figure 4; Table S5). The ultrafine scale map uncovered 189 
variation in recombination rates that was not apparent with the fine-scale maps. For example, for the 190 
17Mb ultrafine scale region on chromosome 2, the recombination rates for the two fine-scale intervals 191 
spanning this region (17.5-17.7 Mb) are 5.6 and 4.4 cM/Mb. The ultrafine scale recombination rates, in 192 
contrast, ranged from 3.5-21.2 cM/Mb (markers spanning 17.5-17.7 Mb). This heterogeneity in 193 
recombination rates within the 17Mb region was statistically significant (Table S5), and highlights that 194 
broader scale measures of recombination rates (such as the fine-scale measures here) are averages of true 195 
variation in recombination rate.  196 
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 197 
RECOMBINATION RATES BETWEEN MAPS  198 
For comparisons of recombination rates between fine-scale maps, we restricted our analysis to 199 
intervals that were condensed to have nearly identical physical marker placement between all three maps 200 
(Figure S4, S5; Table S6, see Supporting Information). After being condensed between maps, 97 intervals 201 
from chromosome 2 and 44 intervals from the XR arm were available for analysis (Table 1, S6). The XL 202 
was not included in the analysis that used condensed intervals across maps because too few intervals 203 
overlapped between all three maps. 204 
Local recombination rates in two D. pseudoobscura maps are largely conserved 205 
Recombination rates did not differ significantly between the two D. pseudoobscura maps for 206 
either the XR or chromosome 2 (each chromosome analyzed separately, rare-effects logistic regression, 207 
absolute value of z > 0.3486, p > 0.562, in both cases). For chromosome 2, 91.8% of the intervals were 208 
not significantly different in recombination rates and 87.6% were not even marginally significant (p < 209 
0.1). For the XR, 86.4% of the intervals between the two D. pseudoobscura maps were not significantly 210 
different in recombination rates, and 84.1% were not even marginally significant (p < 0.1). 211 
Globally higher recombination rate in D. miranda relative to D. pseudoobscura 212 
For both chromosome 2 and the XR chromosome arm, Drosophila miranda had significantly 213 
higher recombination rates than both D. pseudoobscura maps (Figure S4; Table 1). A rare-effects logistic 214 
regression indicated that the recombination rate of D. pseudoobscura is about 76-78% of the D. miranda 215 
recombination rate on chromosome 2 (z-value < -4.0729, p < 0.001 for D. miranda relative to either D. 216 
pseudoobscura map, Table 1). The recombination rate of D. pseudoobscura is about 58-62% of the D. 217 
miranda recombination rate on the XR chromosome arm (rare-effects logistic regression z-value < -218 
5.6523, p < 0.001 for D. miranda relative to either D. pseudoobscura map, Table 1). 219 
Limited local recombination rate divergence between D. pseudoobscura and D. miranda 220 
After the global difference between D. miranda and D. pseudoobscura is accounted for by the 221 
rare-effects logistic regression, recombination rates within and between species appear very similar for 222 
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chromosome 2 (Figure S4). Approximately 89.7% of the intervals between D. miranda and D. 223 
pseudoobscura-Flagstaff were not significantly different. Likewise, 84.5% of the intervals between D. 224 
miranda and D. pseudoobscura-Pikes Peak were not significantly different.  The majority of windows 225 
81.4% and 77.3%, respectively, were not even marginally significant (p < 0.1). Twenty-seven of 97 226 
condensed intervals for chromosome 2 were considered ‘conserved’ within and between species 227 
according to more stringent criteria (displayed nonsignificant difference across all three maps when 228 
analyzed with a rare-events logistic regression and had a log-odds ratio between 0.62 - 1.615). These 229 
‘conserved’ intervals were used for further downstream analyses (see Diversity, divergence, and 230 
recombination). 231 
The XR chromosome exhibited a larger difference in recombination rate within and between 232 
species than chromosome 2, but this is not significant. After the global difference between D. miranda 233 
and D. pseudoobscura is accounted for by a rare-effects logistic regression, approximately 75% of the 234 
intervals between D. miranda and D. pseudoobscura-Flagstaff and 70.5% of the intervals between D. 235 
miranda and D. pseudoobscura-Pikes Peak were not significantly different. Differences between the 236 
majority of windows (68.2% and 65.9%, respectively) were not marginally significant (p < 0.1). Seven of 237 
44 intervals for the XR were conserved within and between species, according to our more stringent 238 
criteria.  239 
 In sum, we observe strong conservation in recombination rates within a single species, while 240 
between species, we see globally elevated recombination rates in D. miranda. Once the global difference 241 
is corrected, there are few intervals with significant differences in recombination rate between species. 242 
We therefore conclude recombination rate is generally conserved at the scale examined here (~180kb) 243 
over moderate evolutionary distances (2-2.5my). 244 
 245 
COMMON SEQUENCE FEATURES NOT PREDICTIVE OF CHANGES IN RECOMBINATION RATE   246 
We analyzed features commonly known to be associated with recombination to assess whether 247 
changes in these sequence features could be responsible for changes in recombination rates between 248 
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species. We compared features in intervals of divergent recombination rates between species to intervals 249 
with conserved recombination rates between all three recombination maps and did not find GC content 250 
(also no association found in [17]) or simple repeats to be predictive of recombination rate changes. We 251 
did not test for changes in transposable elements because of biases in our genome assemblies. Contrary to 252 
Stevison and Noor (2010), we did not find an association of within-species or between-species 253 
recombination rate with the human motif CCNCCNTNNCCNC [55]. This is not unexpected, as the rapid 254 
evolution of the motif itself [56] renders this particular motif likely irrelevant to recombination rate in our 255 
study system at the scale (~180kb) examined.  256 
 257 
DIVERSITY, DIVERGENCE, AND RECOMBINATION    258 
We used various Illumina platforms to resequence genomic DNA from 10 inbred lines using 259 
virgin females of D. pseudoobscura (Table S7). We also resequenced two of D. persimilis (one of these 260 
was provided by S. Nuzhdin), sequenced two of D. pseudoobscura bogotana (one of these was provided 261 
by S. Nuzhdin), sequenced three genomes of D. miranda (two provided by D. Bachtrog, Table S7; Short 262 
Read Archive accession numbers SRA044960.1, SRA044955.2, SRA044956.1; see also 263 
http://pseudobase.biology.duke.edu/), and sequenced one genome of D. lowei. Drosophila persimilis and 264 
D. lowei were used to generate measures of neutral mutation rate across the genome. In all calculations, 265 
the reference sequences for the D. pseudoobscura and D. persimilis genomes were both included [57,58] 266 
and details of diversity and divergence calculations are discussed in the Supporting Information. Overall, 267 
recombination is significantly and positively associated with diversity but not divergence at four-fold 268 
degenerate sites. We examined this relationship in several ways.  269 
Diversity, not divergence, is positively associated with recombination  270 
First, each chromosome for each uncondensed recombination map was independently analyzed 271 
using a generalized linear model for diversity and a separate model for divergence (Table S8, S9). After 272 
accounting for multiple covariates, diversity shows a significant, positive relationship with 273 
recombination, while divergence does not (Table S8, S9). This result is consistent for each of the three 274 
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recombination maps (D. pseudoobscura-Flagstaff, D. pseudoobscura-Pikes Peak, and D. miranda) for 275 
both chromosome 2 and the XR chromosome arm (Table S8, S9). The XL chromosome arm contained 276 
too few intervals for analysis for D. pseudoobscura-Flagstaff, but for D. pseudoobscura-Pikes Peak, and 277 
D. miranda diversity showed a significant, or nearly significant, positive relationship with recombination, 278 
while divergence did not (Table S10). 279 
Diversity, not divergence, is positively associated with recombination in conserved intervals 280 
Second, this first analysis suggests that the recombination-diversity relationship is likely the 281 
result of recombination’s effect on selection at linked sites; however, inadvertently including regions with 282 
discordant recombination rates between species in the analysis above may result in a pattern that supports 283 
the selective hypothesis—even when recombination is predominantly mutagenic (Figure S1). To resolve 284 
this potential bias, we restricted analysis to only regions that had conserved recombination rates between 285 
all three chromosome 2 maps (N = 27 intervals; described above), and examined recombination in 286 
association with average pairwise D. pseudoobscura diversity (Figure 5, S6; Table 2) and average 287 
pairwise D. pseudoobscura-D. miranda divergence (Figure 5, S6; Table 3). The effect of recombination 288 
on diversity was significant when the analysis was restricted to only those regions with the most 289 
conserved recombination rates, and the effect of recombination on divergence was still not significant. 290 
These regions contained only one interval within 4 Mb of the telomeric end and no intervals within 4Mb 291 
of the centromeric end of the chromosome; thus, results are not a function of broad-scale regional 292 
recombination rate differences across the chromosome. These results support the hypothesis that 293 
recombination affects diversity by shaping the effect of selection on linked sites. We lacked power to 294 
perform an analysis on conserved windows for the X chromosome, as only seven intervals were 295 
conserved within and between species.  296 
No relationship of diversity or divergence with recombination at ultrafine scale 297 
The recombination-diversity association was also examined with the ultrafine scale 298 
recombination map for D. pseudoobscura. For this analysis, we used data from intergenic regions instead 299 
of four-fold degenerate sites, as the number of eligible SNP and non-SNP bases for the four-fold 300 
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degenerate sites were few and could give inaccurate results. We found no significant relationship between 301 
recombination and either diversity or divergence at the ultrafine scale, and we doubt this nonsignificant 302 
result was due to a lack of power because the correlation coefficients were low (Figure S7, S8; R
2 
= 303 
0.0075 for diversity, R
2 
= 0.0017 for divergence; Table S11). 304 
 305 
RECOMBINATION AND SELECTION 306 
To determine if recombination rate could affect the efficacy of selection in the genome, we 307 
analyzed the relationship of recombination rate and several measures that may be indicative of the 308 
efficacy of selection (abundance of nonsynonymous substitutions and neutral diversity around 309 
nonsynonymous substitutions). We analyzed the association of recombination rate with each measure in a 310 
generalized linear model framework to account for covariates such as GC content, neutral mutation rate, 311 
and gene density. Biased gene conversion may influence substitution rates; thus, we controlled for GC 312 
content in all of the analyses below [2,10,59,60]. We did not consider gene expression as a covariate. 313 
While some studies suggest a positive relationship between recombination and gene expression [45,61] 314 
others point to a negative relationship [62], and it is unknown if recombination rate differences cause 315 
gene expression differences or vice versa. The following sections discuss the correlation of recombination 316 
with various indicators of selection. 317 
Ultrafine recombination is negatively correlated with nonsynonymous substitution abundance 318 
The relationship of recombination rate to nonsynonymous substitution abundance along the D. 319 
pseudoobscura lineage was examined with the D. pseudoobscura Flagstaff fine-scale and ultrafine scale 320 
recombination maps.  The response variable was the number of nonsynonymous substitutions in each 321 
gene, while the analysis accounted for the number of synonymous substitutions in the gene in question 322 
(allowing inclusion of genes where Ks = 0), GC content of the gene, gene density of 50kb on either side of 323 
the midpoint of the gene, and divergence at four-fold degenerate sites between D. persimilis-D. lowei 324 
(proxy for neutral mutation rate) within the gene.  325 
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We found no relationship (Table 4) between recombination and nonsynonymous substitution 326 
abundance with the fine-scale data (generalized linear model with Poisson distribution, z = -0.614, p = 327 
0.539), but there was a significant negative relationship between recombination rate and nonsynonymous 328 
substitutions at the ultrafine scale (Table 4, generalized linear model with Poisson distribution, z = -2.191, 329 
p = 0.028). This observation suggests that recombination reduces Hill Robertson Interference, allowing 330 
more efficient purifying selection and reduced nonsynonymous substitutions relative to synonymous 331 
substitutions in areas with higher recombination rate. Such effects are only detected when more accurate 332 
ultrafine scale measures of recombination are used, highlighting the utility of ultrafine resolution maps to 333 
uncover local relationships between recombination and nucleotide variation which may be obscured by 334 
measures made on a more coarse scale. 335 
 336 
Footprints from putative hitchhiking are larger in low recombination regions  337 
 In response to selective sweeps, a trough in diversity should be visible around selected variants 338 
[22,54,63-66].  We analyzed average neutral diversity patterns around the nonsynonymous substitutions 339 
along the D. pseudoobscura identified by PAML (see Supporting Information) in relation to the Flagstaff 340 
recombination rate and distance from the substitution. In regions with high recombination rates, the 341 
footprints of selection are thought to be narrower and less deep than in regions with low recombination 342 
rates, where strong linkage between sites will create a stronger signature of sweeps [27,63,65,66]. As a 343 
control, similar analyses were performed using synonymous substitutions along the D. pseudoobscura 344 
lineage. Synonymous substitutions, in many cases, evolve in a more neutral fashion than nonsynonymous 345 
substitutions ([54], but see [67]), thus no interaction between distance and recombination rate is predicted.   346 
 We considered 60kb on either side of the substitution along the D. pseudoobscura lineage divided 347 
into 750bp non overlapping windows (sensu [54]). For each 750bp window, the response variable was the 348 
number of polymorphic four-fold degenerate sites, with total four-fold degenerate sites, GC content, 349 
proportion of coding bases, neutral mutation rate, and proportion of bases that were nonsynonymous 350 
substitutions included as covariates, and the identities of each nonsynonymous substitution were included 351 
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as random effects. Absolute physical distance from the substitution, fine-scale derived estimates of 352 
recombination rate, and their interaction were included as factors in a generalized linear mixed model 353 
with Poisson distribution.  354 
We found a significant negative interaction of physical distance from the nonsynonymous site 355 
and recombination rate on nucleotide diversity around nonsynonymous substitutions along the D. 356 
pseudoobscura lineage (Poisson GLMM, z = -15.7, p < 0.001, Table 5, Figure S9. In other words, higher 357 
rates of recombination allow for recovery of diversity at shorter physical distances from the 358 
nonsynonymous site than lower recombination rates (Figure 6, S10). Such a pattern is consistent with 359 
positive selection playing a predominant role in the fixation of nonsynonymous variants along the D. 360 
pseudoobscura lineage. The significant negative interaction of distance and recombination was consistent 361 
for 10kb, 40kb, and 80kb on either side of nonsynonymous substitution. In contrast, no interaction was 362 
detected for distance and recombination rate on diversity around synonymous substitutions along the D. 363 
pseudoobscura lineage (Poisson GLMM, z = 0.3, p = 0.78, Table 6, Figure S9). The lack of a significant 364 
interaction of distance and recombination was consistent for 10kb, 40kb, and 80kb on either side of 365 
synonymous substitution. Distance from the substitution and recombination rate both had a positive, 366 
significant effect on diversity around nonsynonymous substitutions at all depths (10kb, 40kb, 60kb, 367 
80kb), and a positive, significant effect on diversity around synonymous substitutions at all depths except 368 
10kb, where  no significant effect of recombination was observed.  Thus, recombination appears to 369 
preserve nucleotide diversity in regions of the genome under selection, and this effect is likely the cause 370 
of the positive correlation between nucleotide diversity and recombination rate. 371 
      372 
Discussion 373 
Overall, our study identified both global and local differences in recombination rate between two 374 
closely related species of Drosophila.  Variation in local recombination rates between species must be 375 
accounted for prior to concluding that the association between recombination rate and diversity is likely 376 
caused by recombination modulating hitchhiking (caused potentially by both positive and negative 377 
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selection [68]),  in Drosophila. By restricting our analysis to only those regions with conserved 378 
recombination rates within and between species, we rejected the hypothesis that recombination rate (at the 379 
multiple scales tested) significantly affects neutral divergence. These results support a substantial impact 380 
of recombination on how selection affects diversity in the genome.  Further, additional analyses indicate 381 
that recombination rate can have an important role in limiting the size and severity of potential selective 382 
sweeps. 383 
 384 
Ultrafine and fine-scale variation in crossover rate in Drosophila 385 
 Drosophila were once thought to lack fine-scale variation in crossover rate [69-72].  For 386 
example, D. melanogaster exhibits only 3.5 fold variation in fine-scale recombination rate over a 1.2Mb 387 
region on the X chromosome [73] (same region as D. pseudoobscura XL [74]). In our study, however, 388 
fine-scale variation in both D. pseudoobscura and D. miranda recombination maps ranged from 0 to 32.3 389 
cM/Mb. Likewise, in a previous study, recombination rates in D. persimilis range from 0 to 16.2 cM/Mb 390 
[28]. The D. pseudoobscura group, thus, may exhibit more variability in recombination rates than D. 391 
melanogaster. 392 
Here and in other recent work [49], we demonstrate that ultrafine scale patterns of crossover rate 393 
(intervals spanning 20kb)  are also significantly heterogeneous in D. pseudoobscura.  In each ultrafine 394 
region on chromosome 2, recombination rates varied up to 6-fold (17Mb region) over only approximately 395 
120kb (6Mb region variation is 3.6 fold, 21Mb region variation is 5.1 fold) and ultrafine scale maps 396 
reveal variation not detected in the fine-scale maps. This was especially apparent for the 17Mb region, 397 
where ultrafine scale recombination rates ranged from 3.5 to 21.2 cM/Mb, and fine-scale recombination 398 
rates in the same area ranged only from 4.4 to 5.6 cM/Mb. This heterogeneity suggests our fine-scale 399 
measures (measured in windows spanning  < 200 kb) are averages of actual variation in recombination 400 
rate.    401 
In humans, broad scale variation is the average of the density or intensity of ~2kb hotspots that 402 
occur in clusters every 60-90 kb [75,76]. The majority of recombination occurs at these hotspots, and the 403 
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majority of recombination is governed by the DNA binding protein PRDM9 and its recognition motifs in 404 
humans [11,77-81]. Interestingly, several studies in different regions of the D. melanogaster genome 405 
indicate that linkage decays rapidly [82-84], suggesting that the heterogeneity we observed in ultrafine 406 
scale maps may not be governed by hotspots with a similar clustered distribution to those in humans, or at 407 
least that a nontrivial amount of recombination may occur outside such "hotspots." Genome-wide patterns 408 
of linkage decay in D. pseudoobscura clearly need to be investigated, as our ultrafine scale data is not at a 409 
sufficient resolution to detect hotspots similar to those in humans.    410 
 411 
Drosophila miranda has elevated global recombination rate 412 
Recombination rates at broad scales are conserved between populations and species [28,85-90] 413 
(see also review in [12]). Our fine-scale data are generally consistent with these findings except that D. 414 
pseudoobscura has about ¾ the rate of recombination, on average, as D. miranda for chromosome 2 and 415 
about 3/5 the rate of recombination of D. miranda on the XR chromosome arm.  Interestingly, D. 416 
melanogaster is emerging as having one of the lowest recombination rates in the genus, as evidence 417 
indicates that D. mauritiana, D. simulans, D. virilis, D. pseudoobscura, D. miranda, and D. persimilis all 418 
exhibit higher rates of recombination [28,48,89]; this should be considered when interpreting hitchhiking 419 
and linkage data from D. melanogaster in relation to patterns of Drosophila in general.  420 
 421 
Recombination prevents diversity erosion during hitchhiking 422 
Our results indicate that recombination affects diversity through mediating hitchhiking in the 423 
genome, as we found no association between recombination and neutral divergence, and a significant, 424 
positive association of recombination with neutral diversity while accounting for multiple covariates.  425 
Using data from our fine-scale maps, we ensured that recombination rates are nearly-identical between 426 
the species used to generate divergence estimates; thus, we absolved a key assumption made in previous 427 
studies (see Figure S1). Similarly, a relationship of diversity but not divergence to recombination is 428 
apparent for other species of Drosophila [7,28,43,91], mouse [31], beet [30], tomato [92,93], 429 
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Caenorhabditis [47], and yeast [94]. This last example is especially interesting because recombination is 430 
known to be mutagenic in yeast [16,19], but there is a negative or absent divergence-recombination 431 
correlation [29,94]. 432 
In other systems, the divergence-recombination association is positive which is interpreted as 433 
evidence that recombination is predominately mutagenic. A positive divergence-recombination 434 
association is apparent for humans [26,95],  maize [96] and in an inverted region between D. 435 
pseudoobscura and D. persimilis [17]. This association may be attributable to mutation [13], but 436 
unmeasured variables or segregating ancestral polymorphism could predispose a system to exhibiting a 437 
positive divergence-recombination relationship more than other systems [29,47]. For instance, in C. 438 
briggsae, segregating ancestral polymorphism leads to the signature of recombination-associated 439 
mutation (i.e. a divergence-recombination positive association), but further examination shows the 440 
majority of polymorphism heterogeneity is caused by recombination affecting the impact of selection at 441 
linked sites [47].  442 
We found no relationship of recombination and diversity or divergence in our ultrafine scale 443 
maps (Figure S7, S8). This could be that hitchhiking in Drosophila may produce effects that are longer 444 
range than 20kb, and the effects are not evident when zoomed in on such a fine scale. This explanation 445 
seems relatively unlikely, because, for instance, incredibly fine-scale recombination rates in Arabidopsis 446 
exhibit a positive correlation of diversity and recombination [97]. Alternatively, it appears that these 447 
regions are experiencing different selection pressures (one region is under positive and the others under 448 
purifying selection), and this may contribute to an overall relationship between diversity and 449 
recombination being obscured (see Figure S11, Table S12).  450 
 451 
Recombination rate and abundance of nonsynonymous mutations 452 
Since it seems that recombination likely mediates the effects of hitchhiking in our system, we 453 
sought to understand whether this hitchhiking is primarily positive or negative (background, purifying) 454 
selection and if recombination rate variation has a significant impact on the potential efficacy of selection. 455 
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Evidence is emerging that in many organisms, especially those with large population sizes, selection may 456 
play a substantial role in shaping the genome [98]. For partial selfers, it seems that background selection 457 
substantially impact the genome [99-102], while in outcrossing species Drosophila, mice, and Capsella 458 
grandiflora a large fraction of the genome may be influenced by positive selection [91,103-105]. The 459 
majority of studies that seek an association of recombination and adaptive evolution find strong 460 
associations when comparing regions of no recombination to regions with some or abundant 461 
recombination (reviewed in [2]). After accounting for multiple covariates, in regions with detectable 462 
recombination rates, there is often very little relationship between recombination rate and the efficacy of 463 
selection [2,40,59]. 464 
Across chromosome 2, we found no relationship with the number of nonsynonymous 465 
substitutions and recombination rate measured with our fine-scale Flagstaff map. In contrast, we found a 466 
significant negative effect of recombination rate on nonsynonymous substitution abundance when 467 
recombination was measured on the ultrafine scale. The results from the ultrafine scale, which indicate 468 
purifying selection, could be happenstance, in that the regions we picked for ultrafine measurement 469 
happen to be under more intense purifying selection [42]. This explanation is indirectly supported in that 470 
neutral mutation rate is significantly negatively correlated with the number of nonsynonymous 471 
substitutions for the ultrafine analysis (indicating this region could have higher mutation rates relative to 472 
the rate of nonsynonymous substitutions, i.e. more purifying selection), but not in the fine analysis. 473 
Further, two of the ultrafine regions (17Mb, 21Mb, Figure S11) exhibit negative relationships between 474 
diversity and recombination rate, whereas the 6Mb region shows a positive correlation between diversity 475 
and recombination rate (Figure S11). This suggests that the 17Mb and 21Mb regions are likely 476 
experiencing stronger purifying selection than the 6Mb region. When the 17Mb and 21Mb regions are 477 
analyzed without the 6Mb region, the effect size of the negative impact of recombination rate on number 478 
of nonsynonymous substitutions is about 3-fold or 2.3-fold stronger than when the 6Mb region is 479 
analyzed alone or when all three regions are combined, respectively (Table 4, S12). Another possibility, 480 
which is less likely, is that the telomere or centromere contribute to the lack of a pattern seen in the fine-481 
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scale data (the ultrafine measures do not include these regions). Reanalysis of the fine-scale data after 482 
removal of the first and last 3Mb of the chromosome did not change the relationship of fine-scale 483 
recombination rate to nonsynonymous substitutions.  484 
 485 
Recombination rate and diversity around nonsynonymous substitutions 486 
The pattern of neutral diversity around each nonsynonymous substitution in relation to 487 
recombination rate suggests that the majority of nonsynonymous substitutions in our dataset were fixed 488 
along the D. pseudoobscura lineage by positive selection (sensu [54]).  Diversity is recovered farther 489 
from a nonsynonymous substitution in areas of low recombination than in areas of high recombination, 490 
and such a relationship is not as pronounced for synonymous substitutions fixed along the D. 491 
pseudoobscura lineage (Figure 6, S9, S10). Similarly, haplotype blocks around nonsynonymous SNPs are 492 
larger than around synonymous SNPs in Arabidopsis [97]. Our data agree with theoretical expectations 493 
[63,65], and past studies that show negative correlations of polymorphism and nonsynonymous 494 
substitutions in Drosophila ([54,91,106,107]; indeed, our data also show a significant negative 495 
relationship for nonsynonmous substitutions and within species polymorphism, generally (Table 4)). Yet, 496 
inclusion of our fine-scale recombination data enabled a more comprehensive examination of diversity at 497 
sites linked to potentially selected variants. 498 
We suggest that some of the reduction in diversity around nonsynonymous substitutions is likely 499 
due to selective sweeps rather than background selection exclusively because there is a strong, and 500 
repeatedly documented, role for positive selection in the Drosophila genome [54,91,106-112]. In contrast, 501 
we do not see a way in which background selection or demographic processes (D. pseudoobscura has 502 
undergone a recent expansion [52,113] ) would produce a negative interaction of distance from the 503 
nonsynonymous substitution and recombination rate on neutral diversity around a particular substitution. 504 
Along with the test above which does not support a substantial role of mutation in creating the diversity-505 
recombination association, our data suggest that many of the nonsynonymous substitutions were fixed by 506 
selective sweeps and that recombination modulates the footprint left from those sweeps.  507 
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In sum, our study documented global and local differences in recombination rate between two 508 
closely related species, and these data indicate that recombination likely modulates hitchhiking in the 509 
genome causing a positive association of diversity with recombination.  While we found no overall 510 
association of recombination rate with the number of nonsynonymous substitutions at the fine-scale, we 511 
found that diversity around nonsynonymous substitutions is dependent on the distance from the 512 
substitution, local recombination rate, and these two effects are negatively associated in their impact on 513 
nucleotide diversity. Our study is, to the best of our knowledge, the first genome-scale, empirical 514 
demonstration of the long-standing, theoretical prediction that differences in recombination rate can 515 
markedly shape the footprint in diversity generated by selection [22,63,65]. 516 
  517 
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Materials and Methods 518 
 519 
Fine-crossover maps: Crosses and technical details 520 
Using an F2 backcross design, we developed two recombination maps for D. pseudoobscura 521 
(Flagstaff, Pikes Peak) and one recombination map for D. miranda (see Supporting Information). For 522 
each cross, Duke’s Genomic Analysis Facility genotyped 1440 individual backcrossed flies for 384 line-523 
specific SNP markers (see “SNP development” section in Supporting Information) using the Illumina 524 
BeadArray platform  [114] (Illumina, San Diego, California, United States).  525 
 526 
Fine-crossover maps: Recombination map construction   527 
Recombination events were scored when an individual fly’s genotype changed from heterozygous 528 
to homozygous (for the parent in the backcross) or vice versa for autosomes and when the fly’s genotype 529 
changed between the possible allele combinations for the sex chromosome arms XL and XR. Double 530 
crossovers were defined as adjacent intervals with different genotypes on both sides (for instance, a single 531 
homozygote genotype call nested in a tract of heterozygote genotype calls). We deemed these as 532 
genotyping errors and removed the single inconsistent genotype, scoring it as missing data. Double 533 
crossovers were defined as adjacent intervals with different genotypes on both sides (for instance, a single 534 
homozygote genotype call nested in a tract of heterozygote genotype calls). We deemed these as 535 
genotyping errors and removed the single inconsistent genotype, scoring it as missing data. CentiMorgans 536 
were defined as the number of recombination events over the total number of individuals examined for 537 
each recombination interval, and we scaled this raw measure by a correction for recombination 538 
interference [115].  Throughout the manuscript recombination rates are given in Kosambi centiMorgans 539 
[115] per Megabase (cM/Mb). 540 
Approximately 1400 backcross progeny were scored for the Pikes Peak  D. pseudoobscura map, 541 
approximately 1250 backcross progeny were scored for the Flagstaff D. pseudoobscura map, and 542 
approximately 1170 backcross progeny were scored for the D. miranda map (see Table S1 for the final 543 
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number of individuals, number of intervals, and size of intervals over which recombination was 544 
measured).   545 
Physical genomic distances used to calculate centiMorgans per Megabase (cM/Mb) per interval 546 
were based on the D. pseudoobscura reference genome v2.6 (Flagstaff) and v2.9 (Pikes Peak, D. 547 
miranda). Marker order was confirmed by the R (The R Foundation for Statistical computing 2010)  548 
package OneMap [116] using the algorithms Recombination Counting and Ordering (RCO) [117] and 549 
Unidirectional Growth (UG)[118]. Onemap does not accommodate F2 backcrossed designs for sex 550 
chromosomes; therefore, we specified an F2 intercross design in these cases. We found one small 551 
inversion in D. miranda relative to D. pseudoobscura on chromosome 2. We estimated one breakpoint 552 
was between the markers at 10,491,527 and 10,660,216 bp and the other breakpoint was between the 553 
markers at 13,318,705bp and 14,068,383 bp from the telomeric end of chromosome 2. Confidence 554 
intervals (95 %) for cM/Mb for each recombination interval were calculated by permutation [28,49]. 555 
 556 
Fine-scale recombination maps: Defining intervals with conserved and divergent recombination 557 
 Intervals between all three fine-scale maps were condensed so that the markers for each map were 558 
at the same approximate genomic position.  Ninety-seven intervals remained for chromosome 2 and 44 559 
intervals for XR (see Table 1 for number of individuals, size, and range of these condensed intervals). 560 
Recombination was re-estimated as detailed above, using the number of crossovers spanning the newly 561 
defined physical intervals. 562 
Rare events logistic regression was performed between each set of condensed fine-scale 563 
recombination maps (Flagstaff-Pikes Peak, Flagstaff-D. miranda, Pikes Peak-D. miranda) using the Zelig 564 
package in R. Recombination events conditioned on the total number of observations was the response 565 
variable and species, interval, and species-by- interval were included as factors in the model.  We defined 566 
“divergent intervals” as those with significant p-values in the rare-events logistic regression, indicating 567 
highly divergent recombination rates. “Conserved intervals” were those intervals which displayed 568 
nonsignificant difference across all three maps when analyzed with a rare-events logistic regression and 569 
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had a log-odds ratio between (0.62 - 1.615). In this way, only intervals that were conserved within and 570 
between species were delineated as “conserved intervals.” The final dataset used to differentiate between 571 
the mutagenic and selection hypotheses contained 27 conserved intervals on chromosome 2. We did not 572 
use the XR to differentiate between the mutagenic and selection hypotheses — of the 44 intervals 573 
condensed across three XR maps, only seven were conserved within and between species. We chose not 574 
to combine data from chromosome 2 and XR, as there is some evidence for different evolutionary 575 
patterns between autosomal and sex chromosomes in Drosophila [119]. 576 
 577 
Fine-scale recombination maps: Recombination, diversity and divergence 578 
Details of how diversity and divergence were measured from the next generation sequencing data 579 
are given in the Supporting Information. We analyzed the effect of recombination on diversity and 580 
divergence by applying a quasibinomial general linear model (GLM) as the data were overdispersed. 581 
Diversity or divergence was used as response variables by binding the number of SNP bases to the 582 
number of non-SNP, eligible bases with cbind in R. Logistic regression has several statistical properties 583 
favorable to analyzing proportions such as pairwise diversity [120,121]. We included recombination rate, 584 
proportion of G or C bases within the recombination interval, gene density (measured as a proportion 585 
nucleotides within the recombination interval that are coding), neutral mutation rate (see Supporting 586 
Information), and interaction terms as factors in the model. See supplemental information for filtering 587 
steps which were required for a nucleotide to be considered an eligible base. 588 
For these models, the analysis presented is restricted to those conserved, condensed intervals with 589 
highly similar recombination rates between all three maps, unless otherwise noted. This restriction 590 
removes a classic bias by requiring that the intervals have similar recombination rates between the two 591 
species compared for the divergence measures (Figure S1). Similar linear models were also analyzed 592 
using the uncondensed intervals for each of the three maps individually (Table S8, S9, S10). All statistics 593 
were performed in R version 2.12.1 (The R Foundation for Statistical Computing 2010) unless otherwise 594 
noted. 595 
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 596 
Fine-scale recombination maps: Characteristics of recombination rate in divergent and conserved 597 
intervals 598 
For tests correlating recombination rate to different sequence features, we conducted assays on 599 
each fine-scale map’s uncondensed, individual data (Table S1 for number and size of intervals). We 600 
identified simple repeats as in [28] using Tandem Repeat Finder [122]. To quantify GC content, we 601 
identified total GC content, intergenic GC content,  GC content in introns less than 100 bp, and GC 602 
content in introns greater than 100 bp, using custom Perl scripts. Finally, we found the combined 603 
frequency of the forward and reverse 13-mer degenerate motif CCNCCNTNNCCNC [55] in each interval 604 
using the EMBOSS command “dreg” [123]. We conducted a linear regression for each sequence feature 605 
(JMP 9.0. SAS Institute, Cary, NC). 606 
To assess whether differences in the above features are responsible for recombination rate 607 
changes between species, we used the three-way condensed recombination maps. For each feature, we 608 
conducted a Mann-Whitney-U test using default parameters with intervals that were divergent between 609 
species and intervals that were conserved between all three maps (3-way conserved).  610 
 611 
Ultrafine crossover maps: Recombination map construction and analysis 612 
Using Flagstaff 16 and Flagstaff 14, we followed the same backcross scheme described in Section 613 
“Fine-crossover maps: Crosses and technical details”. Over 10,000 progeny from this backcross were 614 
stored in 96-well plates, frozen at -20°C, and amplified for markers over these three regions. PCR 615 
products were visualized on a polyacrylamide gel using LICOR 4300 (see Section “Ultrafine crossover 616 
maps” in Supporting Information). 617 
Computational and statistical methods for obtaining and assessing significance of recombination 618 
rate relative to diversity and divergence were identical to those described for the fine-scale maps except 619 
recombination rates for ultrafine scale intervals were only measured for Flagstaff lines of D. 620 
pseudoobscura. Because window sizes of the ultrafine scale map were ~20kb, few bases were eligible for 621 
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four-fold degenerate analysis (across 15 windows with four-fold degenerate sites, the range of SNPs for 622 
diversity was 1.9-42.8 and 1.3-53.9 for divergence). Therefore, we used intergenic regions for analysis of 623 
ultrafine scale intervals. To account for the non-independence of the intervals within the same region (i.e. 624 
6Mb, 17Mb, 21Mb) a binomial generalized linear mixed model (GLMM) was implemented with “region” 625 
as a random effect. An observation variable was also included for overdispersion modeling as a random 626 
effect (R does not accommodate quasi distributions for mixed models). Methods for assessing the 627 
significance of recombination on adaptive evolution (abundance of nonsynonymous substitutions and 628 
diversity profiles around nonsynonymous substitutions) were all identical as those detailed below for fine-629 
scale maps. 630 
 631 
Recombination and selection 632 
 For all tests correlating recombination rate to different aspects of adaptive evolution, we 633 
conducted these assays on the D. pseudoobscura Flagstaff map because both fine and ultrafine scale maps 634 
were available for this cross (Table S1, S5 for number and size of intervals). 635 
 636 
Recombination and nonsynonymous substitutions 637 
The number of nonsynonymous substitutions, specific to the D. pseudoobscura lineage, were 638 
calculated for each gene using PAML using the resequenced genomic and reference genomic data 639 
described in Table S7 (one D. lowei, three D. miranda, three D. persimilis, two D. pseudoobscura 640 
bogotana and 11 D. pseudoobscura genomes, filtered for quality as described above).  We used a tree 641 
rooted with D. lowei and considered the branches leading to D. pseudoobscura and D. pseudoobscura 642 
bogotana to be the foreground branches (additional details in Supporting Information). 643 
Following [44] we used a GLMM with Poisson distribution to examine the potential for 644 
recombination rate to shape the distribution of nonsynonymous substitutions along the D. pseudoobscura 645 
lineage.  The model contained the following main effects: the number of silent segregating sites in each 646 
gene, GC content in each gene within Flagstaff 16, the proportion of coding bases 50kb on either side of 647 
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the gene’s midpoint, four-fold degenerate divergence within the gene between D. persimilis and D. lowei 648 
to account for neutral mutation rate, recombination rate observed for the interval containing the gene, and 649 
a random variable included to account for pseudoreplication of multiple genes per interval. The response 650 
variable was the number of nonsynonymous substitutions observed in each gene.  This model 651 
construction allowed the inclusion of genes whose synonymous substitution count was zero [44]. The GC 652 
content from Flagstaff16 was used as this was the line used for backcrossing in the crossing scheme.   653 
 654 
Recombination and reduction in diversity around nonsynonymous substitutions 655 
We used four-fold degenerate sites to measure the average levels of diversity as a function of 656 
distance from amino acid substitutions along the D. pseudoobscura lineage (as identified by PAML, see 657 
above). As a control, we compared the reduction in diversity around amino acid substitutions with the 658 
reduction in diversity around synonymous substitutions along the D. pseudoobscura lineage.  659 
Generalized linear mixed models with Poisson distribution were used to compare the diversity 660 
around nonsynonymous substitutions along the D. pseudoobscura lineage in relation to distance from the 661 
site and recombination rates measured in the Flagstaff cross. Measures were taken 60kb (sensu [54]) from 662 
the site in either direction (120kb total) with non-overlapping bins of 750bp, though measures 40kb and 663 
80kb from the site were consistent. The random effects of identities of each substitution were estimated. 664 
We included as covariates 1) divergence between D. persimilis and D. lowei at four-fold degenerate sites 665 
(a proxy for neutral mutation rate), 2) proportion of bases that were either G or C within Flagstaff 16, 3) 666 
proportion of bases that were nonsynonymous substitutions and 4) proportion of bases that were coding 667 
over each 750bp window. The absolute value of the distance from the site and local recombination rate 668 
were included in the model, as well as the interaction between distance and recombination rate. All effects 669 
in the model were standardized to mean zero and unit standard deviation. As a control, similar analyses 670 
were performed using synonymous substitutions along the D. pseudoobscura lineage. Synonymous 671 
substitutions should evolve in a more neutral fashion, thus no interaction between distance and 672 
recombination rate is predicted.  Any 750bp-window with less than 75 eligible, four-fold degenerate sites 673 
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was excluded from analysis. Any nonsynonymous or nonsynonymous changes with less than 10 windows 674 
were excluded from analysis. Data from 3Mb on either end of chromosome 2 were excluded. For the 675 
60kb analysis, our data consisted of 4718 nonsynonymous and 9203 synonymous substitutions along the 676 
D. pseudoobscura lineage on chromosome 2.  677 
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Figure 1. Expected relationships of alternative hypotheses. Expectation of the relationship between 951 
divergence and recombination rate if the recombination-diversity positive correlation is the result of 952 
recombination being mostly mutagenic or the result of recombination’s effect on selection’s effect on 953 
linked sites. A) Neutral mutations should accumulate at the same rate within and between species; thus, if 954 
recombination is mutagenic, diversity and divergence will have the same pattern, while B) background 955 
selection and selective sweeps are not expected to produce a consistent trend for recombination and 956 
between species divergence.  957 
 958 
Figure 2. Relationships of study species. Reconstructed phylogeny for the mitochondrial gene 959 
cytochrome oxidase II adapted from Beckenbach et al. 1993. 960 
 961 
Figure 3. Fine-scale recombination rates on chromosome 2. Uncondensed raw recombination rates and 962 
95% CI for intervals along chromosome 2. Top: D. pseudoobscura Flagstaff map, Middle:  D. 963 
pseudoobscura Pikes Peak map, Bottom:  D. miranda.  Recombination rate is given in Kosambi 964 
centiMorgans per Megabase (cM/Mb). 965 
 966 
Figure 4. Ultrafine recombination rates. Recombination rates in Kosambi cM/Mb and 95% CI for 967 
ultrafine intervals along chromosome 2. 968 
 969 
Figure 5. No divergence-recombination correlation. Relationship of recombination rate to diversity 970 
(filled circles, solid line, t = 1.0016, df = 25, p-value = 0.3262) and divergence (open circles, dotted line, t 971 
= -0.0752, df =25, p-value = 0.9407) for fine-scale regions with conserved recombination between D. 972 
pseudoobscura-D. miranda. Divergence: y = -3E-05x + 0.0363; Diversity: y = 0.0003x + 0.0192. 973 
 974 
Figure 6. Smaller diversity footprint for higher recombination rates.  Diversity at four-fold 975 
degenerate sites as a function of the distance from the substitution specific to the D. pseudoobscura 976 
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lineage for different recombination rates. Nonsynonmous substitutions (red) and synonymous 977 
substitutions (blue). For all graphs, a Lowess smoothing factor of 0.3 was used. Diversity is recovered at 978 
distances farther from the substitution for areas with lower recombination rates (see also Figure S10). 979 
 980 
Supporting Information- Supplemental Figure legends 981 
Figure S1. Recombination rate differences between species can lead to incorrect conclusions. 982 
Illustration of the importance of measuring recombination rate in both species which are used to generate 983 
divergence measures in order to reject the hypothesis that mutagenic recombination drives the 984 
recombination rate-diversity association. 985 
 986 
Figure S2. Fine-scale recombination rates on XR. Uncondensed raw recombination rates and 95% CI 987 
for intervals along the XR. Top: D. pseudoobscura Flagstaff map, Middle:  D. pseudoobscura Pikes Peak 988 
map, Bottom:  D. miranda. Recombination rate is given in Kosambi centiMorgans per Megabase. 989 
 990 
Figure S3. Fine-scale recombination rates on XL. Uncondensed raw recombination rates and 95% CI 991 
for intervals along the XL. Top:  D. pseudoobscura Pikes Peak map, Bottom:  D. miranda. 992 
Recombination rate is given in Kosambi centiMorgans per Megabase. Flagstaff is not shown because it 993 
was surveyed at a much more coarse level (intervals 2.4 kb on average) and was relatively uninformative. 994 
 995 
Figure S4. Fine-scale recombination rates for condensed intervals without and with global modifier 996 
correction. Plot of fine-scale recombination data across chromosome 2. Green line = D. miranda, Purple 997 
= D. pseudoobscura Pikes Peak, Blue = D. pseudoobscura Flagstaff.  Intervals (N = 97) are condensed 998 
across maps to include only markers with close positions across all three maps. Top: D. miranda exhibits 999 
globally higher recombination rates (1.283-fold higher odds ratio) than either D. pseudoobscura. Bottom: 1000 
D. miranda recombination rate adjusted for this global difference (i.e. original data *0.763).  1001 
Recombination rate is given in Kosambi centiMorgans per Megabase. 1002 
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 1003 
Figure S5. Fine-scale recombination rates for condensed intervals with alternate orientations for 1004 
Drosophila miranda chromosome 2 inversion. We estimated one breakpoint of the inversion was 1005 
between the markers at 10.491Mb and 10.660 Mb and the other breakpoint was between the markers at 1006 
13.318 Mb and 14.068 Mb from the telomeric end (0 Mb) of chromosome 2.  In Figure S4, the inverted 1007 
region is shown with the sequence relation to the D. pseudoobscura chromosome 2 arrangement in both 1008 
top and bottom panels. Green line = D. miranda, Purple = D. pseudoobscura Pikes Peak, Blue = D. 1009 
pseudoobscura Flagstaff.  Top: D. miranda inversion in its correct orientation. Recombination rates are 1010 
not corrected for the globally higher recombination rates in D. miranda relative to D. pseudoobscura. 1011 
Bottom: D. miranda inversion orientated relative to D. pseudoobscura arrangement, recombination rate of 1012 
D. miranda is adjusted for the global elevation relative to D. pseudoobscura.  Recombination rate is given 1013 
in Kosambi centiMorgans per Megabase. Any discordant and conserved regions are likely the result of 1014 
sequence and not position on the chromosome. 1015 
 1016 
Figure S6. Identical to Figure 5 excluding high-recombination outliers. Relationship of recombination 1017 
rate to diversity (filled circles, solid line, t = 2.2668, df = 24, p-value = 0.0327) and divergence (open 1018 
circles, dotted line, t = 0.7965, df = 24, p-value = 0.4336) for fine-scale regions with conserved 1019 
recombination between D. pseudoobscura - D. miranda. Divergence between D. miranda - D. 1020 
pseudoobscura has no significant relationship with recombination. This graph is identical to Figure 5, 1021 
except the outliers at the highest recombination rates are removed.  1022 
 1023 
Figure S7. Diversity and divergence in relation to recombination rate for ultrafine intervals, 1024 
intergenic regions. Kosambi recombination rate relative to diversity within D. pseudoobscura (grey 1025 
circles, t = -0.3005, df = 12, p = 0.7689) and divergence between D. pseudoobscura-D. miranda  (white 1026 
circles, t = 0.1444, df = 12, p = 0.8876) for the ultrafine scale intervals using intergenic bases in the 1027 
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measure of diversity and divergence because there were few fourfold degenerate sites within a single 1028 
20kb window (but see Figure S8).   1029 
 1030 
Figure S8. Diversity and divergence in relation to recombination rate for ultrafine intervals, four-1031 
fold degenerate sites. Kosambi recombination rate relative to diversity within D. pseudoobscura (grey 1032 
circles, t = -1.1618, df = 13, p = 0.2662) and divergence between D. pseudoobscura-D. miranda (white 1033 
circles, t = -0.5062, df = 13, p = 0.6212) for the ultrafine scale intervals using four fold degenerate bases 1034 
in the measure of diversity and divergence. The number of data points was governed by the availability of 1035 
sites for diversity and divergence measures in each recombination interval; thus, the number of data 1036 
points in this figure is different from the analogous Figure S7 which used data from bases in intergenic 1037 
regions. Divergence: y = -0.0003x + 0.0348; Diversity: y = -0.0005x + 0.0249. 1038 
 1039 
Figure S9. Distance and recombination rate have negative interaction on diversity for 1040 
nonsynonmous but not synonymous substitutions. The model in Tables 5 and 6 was fit to the data 1041 
except each substitution was run separately and the effect of distance was extracted for each substitution 1042 
on chromosome 2.  The coefficients for the distance effect are plotted relative to the recombination rate 1043 
for nonsynonymous substitutions (red) and synonymous substitutions (blue). Measures were taken 60kb 1044 
from the substitution in either direction (120kb total) in non-overlapping bins of 750bp, at least 10 bins 1045 
for every substitution and 75 eligible bases per bin must be available for a substitution to be included. 1046 
3Mb on the telomeric and centromeric ends of the chromosomes were excluded. All effects in the model 1047 
were standardized to mean zero and unit standard deviation.  The graph below was smoothed using the 1048 
Lowess function in R, f=0.9. 1049 
 1050 
Figure S10. Footprint in diversity around a putatively selected variant in a region with undetectable 1051 
recombination rate. Diversity at four-fold degenerate sites as a function of the distance from the 1052 
substitution specific to the D. pseudoobscura lineage. Nonsynonmous substitutions (red) and synonymous 1053 
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substitutions (blue). Recombination rate of zero Kosambi cM/Mb, Lowess smoothing factor was 0.65. At 1054 
the 0.3 level of smoothing (as used in Figure 6), the general trend for the 0 cM/Mb is less clear.    1055 
 1056 
Figure S11. Conflicting recombination-diversity relationships for ultra-fine recombination regions. 1057 
Kosambi recombination rate relative to diversity within D. pseudoobscura for the ultrafine scale intervals 1058 
using intergenic bases as the measure of diversity because there were few fourfold degenerate sites within 1059 
a single 20kb window.  6Mb region: t = 3.5074, df = 3, p-value = 0.0393; 17Mb region: t = -0.7546, df = 1060 
2, p-value = 0.5293; 21Mb region: t = -0.7004, df = 3, p-value = 0.5341.   Using four-fold degenerate 1061 
sites results in the same trends. This graph appears to suggest that the 17Mb, 21 Mb, and 6Mb regions 1062 
may be under different selection pressures. 1063 
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Table 1. Comparison of intervals condensed within and between recombination maps.  1064 
 1065 
Map Comparisons  Ch2 (N = 97) XR (N = 44) 
D. pseudoobscura Pikes Peak- Flagstaff  different /conserved 12/60 7/21 
 odds ratio 0.9789 (0.8851, 1.0826)  1.0602 (0.8981, 1.2515)  
 p-value p < 0.727 p < 0.562 
D. pseudoobscura Flagstaff - D. miranda different /conserved 19/50  14/20 
 odds ratio 0.7794 (0.7047, 0.8619)  0.5860 (0.5023, 0.6836) 
 p-value p < 0.001* p < 0.001* 
D. pseudoobscura Pikes Peak - D. miranda different /conserved 22/48 15/19 
 Odds ratio 0.7629 (0.6910, 0.8423) 0.6213 (0.5409, 0.7136) 
 p-value p < 0.001* p < 0.001* 
 1066 
The number of significantly different and conserved intervals between each set of maps is given (criteria outlined in text). The odds ratio and 1067 
associated p-value are given for the difference between maps for the condensed intervals. An asterisk indicates significance. 1068 
  1069 
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Table 2. Factors affecting diversity a four-fold degenerate sites using intervals with conserved recombination rate  1070 
 Df Deviance Residual 
Df 
Residual 
Dev. 
F p-value 
Null 1  26 217.01   
GC 1 39.942 25 177.068 11.479 0.0054* 
Gene Density 1 26.97 24 150.098 7.7509 0.0165* 
Mutation 1 18.05 23 132.048 5.1874 0.0419* 
Recombination 1 19.841 22 112.207 5.7021 0.0343* 
GC*Gene Density 1 16.134 21 96.073 4.6368 0.0523 
GC*Mutation 1 0.003 20 96.07 0.0007 0.9790 
Gene Density*Mutation 1 0.007 19 96.064 0.0019 0.9659 
GC*Recombination 1 1.719 18 94.345 0.4941 0.4955 
Gene Density*Recombination 1 2.184 17 92.161 0.6276 0.4436 
Mutation*Recombination 1 0.802 16 91.359 0.2304 0.6399 
GC*Gene Density*Mutation 1 15.891 15 75.468 4.5670 0.0539 
GC*Gene Density*Recombination 1 3.735 14 71.733 1.0734 0.3206 
GC*Mutation*Recombination 1 14.955 13 56.777 4.2979 0.0160* 
Gene Density*Mutation*Recombination 1 16.321 12 40.456 4.6905 0.0512 
 1071 
A generalized linear model with quasibinomial distribution for the fine-scale intervals on chromosome 2 with conserved recombination rates 1072 
between D. pseudoobscura Flagstaff , D. pseudoobscura Pikes Peak, and D. miranda after correction for the global modifier, illustrating the 1073 
relationship of average pairwise D. pseudoobscura diversity for four-fold synonymous sites to various factors. Windows which were 1074 
nonsignificant when analyzed with a rare-events logistic regression and had a log-odds ratio between (0.62 - 1.615) across maps were considered 1075 
“conserved”.  For this analysis, the neutral mutation rate was set as the D. lowei-D. persimilis divergence. For consistency between models, if an 1076 
interaction term was significant in any of the models (see Table 3, S8, S9, S10), it was kept in all. Results from XL and XR exhibit similar 1077 
relationships and are presented in the Supporting Information. An asterisk indicates significance. 1078 
  1079 
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Table 3. Factors affecting divergence a four-fold degenerate sites using intervals with conserved recombination rate    1080 
   1081 
 Df Deviance Residual 
Df 
Residual 
Dev. 
F p-value 
Null 1  26 113.931   
GC 1 12.6327 25 101.299 4.9048 0.0469* 
Gene Density 1 0.0064 24 101.292 0.0025 0.9612 
Mutation 1 14.1996 23 87.093 5.5132 0.0369* 
Recombination 1 0.6588 22 86.434 0.2558 0.6222 
GC*Gene Density 1 5.967 21 80.467 2.3168 0.1539 
GC*Mutation 1 13.7334 20 66.733 5.3321 0.0395* 
Gene Density*Mutation 1 0.6172 19 66.116 0.2396 0.6333 
GC*Recombination 1 0.2611 18 65.855 0.1014 0.7557 
Gene Density*Recombination 1 1.7766 17 64.079 0.6898 0.4225 
Mutation*Recombination 1 1.576 16 62.503 0.6119 0.4492 
GC*Gene Density*Mutation 1 21.0138 15 41.489 8.1588 0.0145* 
GC*Gene Density*Recombination 1 5.3126 14 36.176 2.0627 0.1765 
GC*Mutation*Recombination 1 3.2173 13 32.959 1.2491 0.2856 
Gene Density*Mutation*Recombination 1 2.6383 12 30.321 1.0243 0.3315 
 1082 
The relationship of the average pairwise D. pseudoobscura-D. miranda divergence for four-fold synonymous sites to various factors. All 1083 
parameters are the same as Table 2. 1084 
  1085 
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Table 4. Test for relationship between recombination rate and number of nonsynonmous substitutions. 1086 
 1087 
Response: Nonsynonymous substitutions along the D. pseudoobscura lineage 
Model Factor tested Estimate Std. error z-value p-value 
Fine-scale (Intercept) -2.2483 2.8680 -0.784 0.4331 
 Synonymous 0.1677 0.0513 3.271 0.0011* 
 GC content 2.6164 5.2267 0.501 0.6167 
 Gene density 3.8257 2.2690 1.686 0.0918 
 Neutral mutation rate 0.4291 5.5441 0.077 0.9383 
 Recombination -0.0398 0.0648 -0.614 0.5392 
Ultrafine (Intercept) -4.7926 4.0350 -1.188 0.2349 
 Synonymous 0.2968 0.0701 4.233 <0.0001* 
 GC content 7.4306 7.3918 1.005 0.3148 
 Gene density 4.2969 2.4631 1.744 0.0811 
 Neutral mutation rate -19.3844 10.3184 -1.879 0.0603 
 Recombination -0.1548 0.0706 -2.191 0.0284* 
 1088 
Two generalized linear mixed models with Poisson distribution used to compare nonsynonymous substitutions per gene along the D. 1089 
pseudoobscura lineage to recombination rates measured in the Flagstaff cross. One model was run for the fine-scale data from the Flagstaff D. 1090 
pseudoobscura recombination map and a separate model was run for the ultrafine scale recombination data. Interval was included as a random 1091 
effect to account for including multiple genes per interval. An asterisk indicates significance.  1092 
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Table 5.  Analysis of the diversity around nonsynonmous substitutions 1093 
 1094 
Response: Number of fourfold degenerate polymorphisms within D. pseudoobscura around 
nonsynonymous substitutions 
 Estimate Std. Error z value p-value 
Intercept 0.436318 0.005155 84.6 <0.001* 
Eligible bases 0.382672 0.004584 83.5 <0.001* 
GC content 0.045906 0.002219 20.7 <0.001* 
Neutral mutation rate 0.893955 0.001412 633.2 <0.001* 
Proportion coding -0.042089 0.004882 -8.6 <0.001* 
Proportion nonsynonmous -0.063696 0.002095 -30.4 <0.001* 
Absolute distance 0.023858 0.001577 15.1 <0.001* 
Recombination rate 0.059162 0.004767 12.4 <0.001* 
Distance*recombination rate -0.023320 0.001484 -15.7 <0.001* 
 1095 
A generalized linear mixed model with Poisson distribution used to compare the diversity around A) 1096 
nonsynonymous substitutions along the D. pseudoobscura  lineage in relation to distance from the site 1097 
and recombination rates measured in the Flagstaff cross. Measures were taken 60kb from the site in either 1098 
direction (120kb total) in non-overlapping bins of 750bp. Identity of the substitution was included as a 1099 
random effect. All effects in the model were standardized to mean zero and unit standard deviation. 1100 
Proportion nonsynonymous is the proportion nonsynonymous substitutions fixed along the D. 1101 
pseudoobscura lineage for each 750bp window. Absolute distance is the absolute distance from the focal 1102 
nonsynonymous substitution. Neutral mutation rate is the average divergence at four-fold degenerate sites 1103 
between D. lowei-D. persimilis for the 750bp window. An asterisk indicates significance.  1104 
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Table 6. Analysis of the diversity around synonmous substitutions 1105 
 1106 
Response: Number of fourfold degenerate polymorphisms within D. pseudoobscura around 
synonymous substitutions 
 Estimate Std. Error z value p-value 
Intercept 0.2522177 0.0042369 59.5 <0.001* 
Eligible bases 0.4480098 0.0032577 137.5 <0.001* 
GC content 0.0462118 0.0015228 30.3 <0.001* 
Neutral mutation rate 0.8667622 0.0009684 895.1 <0.001* 
Proportion coding -0.1056578 0.0034686 -30.5 <0.001* 
Proportion nonsynonmous -0.0605236 0.0012764 -47.4 <0.001* 
Absolute distance 0.0254088 0.0010981 23.1 <0.001* 
Recombination rate 0.1738703 0.0039750 43.7 <0.001* 
Distance*recombination rate 0.0002863 0.0010263 0.3 0.78 
 1107 
A generalized linear mixed model with Poisson distribution used to compare the diversity around 1108 
synonymous substitutions along the D. pseudoobscura  lineage in relation to distance from the site and 1109 
recombination rates measured in the Flagstaff cross. All parameters were identical to those in Table 5.  1110 
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Supporting Information- Supplemental Table legends 1111 
Table S1. All intervals over which recombination was measured using a backcrossing scheme starting 1112 
with two inbred lines. Three separate backcrosses and recombination maps were made. The first used two 1113 
inbred lines of Drosophila pseudoobscura that were homozygous for the Arrowhead inversion on 1114 
chromosome 3 (Flagstaff). The second used two inbred lines of D. pseudoobscura that were homozygous 1115 
for the Pikes Peak inversion on chromosome 3 (Pikes Peak), and the third used two inbred lines of D. 1116 
miranda.  Median size is listed below the mean interval size for each category. Interval sizes are given in 1117 
kb. CT intervals refer to intervals near the centromere or telomere. These markers were designed to span 1118 
larger intervals because previous work indicated that recombination is less frequent near the centromere 1119 
or telomere. N = average number of individuals scored with double crossovers removed.  1120 
 1121 
Table S2. Uncondensed intervals over which recombination was measured across three recombination 1122 
maps (D. pseudoobscura – Pikes Peak, D. pseudoobscura – Flagstaff, D miranda). For “Crossovers per 1123 
individual,” the numbers given are mean/median/mode. “Total Mb covered” is the total distance spanned 1124 
by the markers used to measure recombination. 1125 
 1126 
Table S3. Recombination rate for regions of chromosome 2 in Kosambi cM/Mb. The telomere was 1127 
defined as the end of the chromosome to 2.977Mb. Centromere was defined as 27.056Mb-end of 1128 
chromosome. For the Pikes Peak telomere, the first marker was at 838bp, whereas, for Flagstaff and D. 1129 
miranda maps, the first markers were at 0.483Mb and 0.484Mb, respectively. Using a marker at 0.483Mb 1130 
as a start point for Pikes Peak, results in an average telomeric recombination rate of 1.248 Kosambi 1131 
cM/Mb. 1132 
 1133 
Table S4. Chromosome 2 primers used for ultrafine recombination map of Flagstaff 16 backcrossed 1134 
progeny. All primers amplify loci that differentiate between Flagstaff 16 and Flagstaff 14 by an indel. The 1135 
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location listed is relative to the reference genome of Drosophila pseudoobscura v2.9. Indel =  putative 1136 
indel size in bop; Line = line in which putative indel is found.  1137 
 1138 
Table S5. Measures of ultrafine scale recombination rate and 95% confidence intervals (Low cM/Mb, 1139 
High cM/Mb) for three regions on chromosome 2 constructed from Flagstaff backcrossed progeny 1140 
described in the text. Values of 0 for the low confidence intervals were used in place of the negative 1141 
output by the simulations used to calculate the confidence interval. Primers used for ultrafine 1142 
recombination map are given on Table S4. The marker location listed is relative to the reference genome 1143 
of Drosophila pseudoobscura v2.9. Interval sizes were confirmed with 76bp, 9kb-insert mate-paired 1144 
Illumina reads. Total = total number of individual F2 backcross progeny which were genotyped. 1145 
 1146 
Table S6. A) Numbers and size of the condensed, conserved intervals between all three maps for 1147 
chromosome 2. Only chromosome 2 conserved intervals were used for downstream analysis. B) Average 1148 
physical differences of marker placement between three maps for the condensed, conserved intervals used 1149 
in the analysis. All values given are numbers of nucleotides based on the D. pseudoobscura reference 1150 
genome v2.9. 1151 
 1152 
Table S7. Amount of sequence data obtained for resequenced Drosophila genomes. PE = paired-end. 1153 
*Total number of reads and base pairs is double the amount listed if ‘PE’ follows run type or if the run 1154 
type was mate-paired. All data were submitted to the sequence read archive, Accession numbers 1155 
SRA044960.1, SRA044955.2, SRA044956.1. 1156 
 1157 
Table S8. Quasibinomial linear model illustrating the relationship of within species diversity and between 1158 
species divergence at four-fold degenerate sites to various factors for chromosome 2. Neutral mutation 1159 
rate was the D. persimilis-D. lowei divergence at four-fold degenerate sites. For consistency, interaction 1160 
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terms significant in any of the models were kept in all. Intervals were not condensed across maps and 1161 
recombination rate was not corrected for a global modifier.  1162 
 1163 
Table S9. Quasibinomial linear model illustrating the relationship of within species diversity and between 1164 
species divergence at four-fold degenerate sites to various factors for the XR chromosome arm. Neutral 1165 
mutation rate was the D. persimilis-D. lowei divergence at fou-fold degenerate sites. For consistency, 1166 
interaction terms significant in any of the models were kept in all. Intervals were not condensed across 1167 
maps and recombination rate was not corrected for a global modifier.  1168 
 1169 
Table S10. Quasibinomial linear model illustrating the relationship of within species diversity and 1170 
between species divergence at four-fold degenerate sites to various factors for the XL chromosome arm. 1171 
Neutral mutation rate was the D. persimilis-D. lowei divergence. For consistency, interaction terms 1172 
significant in any of the models were kept in all. Intervals were not condensed across maps and 1173 
recombination rate was not corrected for a global modifier. Only D. miranda and D. pseudoobscura –1174 
Pikes Peak are given because there were too few intervals for the D. pseudoobscura –Flagstaff map to 1175 
perform the analysis. 1176 
 1177 
Table S11. Effect of recombination on A) diversity and B) divergence for ultrafine windows only. These 1178 
analyses used a general linear mixed model with binomial distribution with overdispersion modeling and 1179 
a random variable o account for region (6Mb, 17Mb, 21Mb). Diversity, divergence, and neutral mutation 1180 
rate (i.e. the divergence between D. persimilis-D. lowei) data were from intergenic sites. Gene density and 1181 
GC content were proportions of coding bases and GC bases out of total bases, respectively, for each 1182 
recombination interval. 1183 
 1184 
Table S12. A generalized linear mixed model with Poisson distribution used to compare nonsynonymous 1185 
substitutions along the D. pseudoobscura lineage to recombination rates measured in the Flagstaff cross. 1186 
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Interval was included as a random effect. In Figure S12, it appears that purifying selection may be 1187 
stronger for the 17Mb and 21Mb region.  1188 
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SUPPLEMENTARY MATERIALS FOR  
“Recombination modulates how selection affects linked sites in Drosophila”  
Suzanne E. McGaugh, Caitlin Smukowski, Brenda Manzano-Winkler, Tiffany Himmel, Mohamed A. F. 
Noor 
Supplementary Materials & Methods 
Study system 
The Drosophila pseudoobscura group inhabits western North America and contains six species 
[1] (Figure 2).  Drosophila pseudoobscura and D. persimilis diverged from one another 500,000 years 
ago [2] and both diverged from D. miranda ~2 mya [3]. The most closely related available outgroup of 
these three species is D. lowei which diverged from D. pseudoobscura  approximately 5-11mya [1].  One 
subspecies of Drosophila pseudoobscura, Drosophila pseudoobscura bogotana, has been isolated in 
Colombia for ~ 200,000 years ago [2,4].   In this work, we have generated linkage maps from 
chromosome 2 and parts of the X chromosome for D. pseudoobscura and D. miranda.   
Members of the pseudoobscura group have six chromosome arms (three telocentric autosomes 
[chromosomes 2-4], one “dot” autosome (chromosome 5), and a metacentric X chromosome), comprising 
their ~160Mb genome [5]. Chromosome 3 segregates for more than 30 different inversion arrangements 
within D. pseudoobscura [6] and the dot chromosome does not recombine; therefore both were excluded 
in our study.  Drosophila pseudoobscura average crossover rate is about 7 cM/Mb in females (over twice 
that of D. melanogaster)  [7]. 
Fine-scale crossover maps: Crosses and technical details 
The first D. pseudoobscura map was generated using two inbred lines of flies that are 
homozygous for the Arrowhead arrangement on chromosome 3. Briefly, D. pseudoobscura females from 
the Flagstaff 16 line (collected from Flagstaff, AZ in 1997) were crossed with males of Flagstaff 14 
(Flagstaff, AZ, 1997). F1 females were backcrossed to Flagstaff 16 males. The second D. pseudoobscura 
map was generated using two inbred lines of flies that are homozygous for the Pikes Peak arrangement on 
chromosome 3.  Drosophila pseudoobscura females from the Pikes Peak 1137 line (collected from 
Bosque del Apache National Wildlife Refuge, San Antonio, NM in 2006) were crossed with males of the 
Pikes Peak 1134 line (Bosque del Apache National Wildlife Refuge, San Antonio, NM, 2006). F1 females 
were backcrossed to Pikes Peak 1137 males. Likewise, in D. miranda, inbred MSH22 (Mt. St. Helena, 
CA) females were crossed with inbred SP138 (Spray, OR) males.  F1 females were backcrossed to 
MSH22 males. 
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Progeny from these backcrosses were stored in 96-well plates, frozen at -20ºC, and transferred to 
North Carolina State University Genomic Sciences Laboratory for DNA extraction via Invitrogen 
ChargeSwitch® gDNA Micro Tissue Kit (cat# CS11203 Carlsbad, CA, USA). 
 
Fine-scale crossover maps: SNP development for genotyping arrays 
Genomic DNA Illumina reads were obtained for 15-20 virgin female inbred flies from University 
of North Carolina-Chapel Hill High Throughput Sequencing Facility for all lines described in the crosses 
above (see Table S7). SNPs were identified from this Illumina data for genotyping using the Illumina 
BeadArray platform [8] (Illumina, San Diego, California, United States).  
For the Flagstaff cross, Ilumina single-end 35bp reads were aligned to the reference D. 
pseudoobscura genome v2.6 via  Bowtie 0.10.1 [9]. The options “-a --best –strata” were employed to 
filter the output to contain the least number of mismatches to the reference, and only two mismatches 
between a single read and the reference were allowed.  A series of custom python scripts identified bases 
that fit the following criteria:  
1) at least 50% of the Illumina reads supported the SNP relative to the reference;  
2) the average quality score was less than or equal to a 1% error rate;  
3) line 1and line 2 did not have a shared polymorphism relative to the reference; and  
4) no other high-quality SNPs or ambiguous bases were found in the 50bp flanking the SNP for  
either line, as this would interfere with the downstream genotyping assay.  
 
SNPs and their flanking regions were scored by Illumina’s Assay Design Tool to determine their 
suitability for genotyping with Illumina’s BeadArray platform. A SNP was not used if it had a final score 
less that 0.7 or designability rank less than 1.  We selected a final set of 384 SNPs and confirmed a small 
subset (< 10) of these SNPs with Sanger sequencing.  
For the Pikes Peak and D. miranda recombination maps, Illumina single-end 75bp reads and 76bp 
paired end reads, respectively, (see Table S7) were aligned to the D. pseudoobscura reference genome 
v2.9 using bwa-0.5.5 (default alignment settings were used except the maximum number of gap 
extensions was set to 4 [10]). Using bwa, as opposed to Bowtie, provided the advantage of identifying 
indels and excluding them from SNP development. Consensus assemblies for each resequenced line were 
generated using the bwa alignments and Samtools 0.1.6 pileup [11]. Default pileup settings were used 
except the theta parameter (error dependency coefficient) in the maq consensus calling model was set to 
0.9, and the number of haplotypes in the sample was set to one because each resequenced line was inbred 
prior to sequencing.  
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For the Pikes Peak and D. miranda recombination maps, consensus sequences for each of the 
inbred lines used was filtered with custom python scripts to ensure:  
1) line 1 and line 2 did not have a shared polymorphism relative to the reference,  
2) neither line 1 or line 2 had an indel denoted as the focal SNP nucleotide and  
3) no other high-quality SNPs, ambiguous bases, or indels were found in the 50bp flanking the 
SNP as this would interfere with the genotyping assay.  
 
No additional filtering on quality or depth of coverage was used on the pileup consensus assembly when 
selecting these SNPs. SNPs and their flanking regions were scored by Illumina’ s Assay Design Tool, and 
any SNP with a final  score less that 0.7 or designability rank less than 1 was not used.  We selected a 
final set of 384 SNPs by visualizing the best candidates in IGV. Sanger sequencing was used to confirm a 
small subset (< 10) of SNPs. Priority was given to markers that were located near one another across all 
three recombination maps to ensure that we measured recombination over similar intervals between maps. 
Fine-scale recombination maps: Defining intervals with conserved and divergent recombination 
 Intervals between all three fine-scale maps were condensed so that the markers for each map were 
at the same approximate genomic position.  Ninety-seven intervals remained for chromosome 2 and 44 
intervals for XR (see Table S6 for number of individuals, size, and range of these condensed intervals). 
Recombination was re-estimated as detailed in the Materials and Methods section, using the number of 
crossovers spanning the newly defined physical interval, and if the number of individuals surveyed 
differed across the intervals condensed, the least number of individuals was used.  
 Intervals were also condensed between maps in a pairwise fashion (Flagstaff-Pikes Peak, 
Flagstaff-D. miranda, Pikes Peak-D. miranda). Because they only required markers to be identical across 
two maps, these pairwise comparisons were able to compare recombination rates between maps on a finer 
scale. 
Fine-scale recombination maps: Computational methods for diversity and divergence measures 
To generate diversity and divergence correlates of recombination rate, we utilized resequenced 
genomes from the pseudoobscura clade and the reference genomes of D. pseudoobscura v.2.9 and v.1.3 
D. persimilis. Illumina reads from resequenced genomes of Drosophila pseudoobscura (N= 10), D. ps. 
bogotana (N= 2), D. persimilis (N= 2), D. miranda (N= 3), and one D. lowei (N= 1) (Table S7) were each 
aligned separately to the reference D. pseudoobscura genome v2.9 with bwa, and a pileup consensus 
output was generated with Samtools (as described above). Prior to measuring pairwise diversity and 
divergence within each recombination interval, pileup consensus alignments were filtered for each line in 
the following ways:  
1) read depth must be larger than four,  
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2) mapping quality must be at least 31,  
3) indels were taken as ‘real’ if they were supported by at least 70% of reads,  
4) if indels are supported by at least 70% of reads, 5 bases on either side of the indel bases were  
removed.  
Nucleotides that went through these filtering requirements were considered ‘eligible bases’ for 
downstream analyses. Intergenic regions, exons, and introns from the reference genome v1.3 for D. 
persimilis were aligned to the D. pseudoobscura reference using bwa in the same manner described 
above.  
FlyBase annotations of the Drosophila pseudoobscura genome v.2.9 were used to demarcate 
four-fold degenerate coding positions. Bases annotated as an exon on one strand and as intronic or 
intergenic nucleotides on the other strand were treated only as exonic nucleotides. Genes whose coding 
region on one strand overlapped with the coding region of another gene on the other strand were excluded 
because sites that are four-fold degenerate in both sequences are unlikely. To calculate pairwise sequence 
diversity between two lines, bases which were polymorphic (SNP) and eligible bases which were not 
polymorphic between the two lines (non-SNP) were counted for each recombination interval for each 
annotation class. The analysis presented in the paper mainly deals with fourfold degenerate sites. Bases 
were only included if at least one representative from each species or subspecies contained an eligible 
base at the site being compared. We calculated π by making all pairwise comparisons for each interval 
(e.g. for D. pseudoobscura diversity all pairwise comparisons between the 11 lines were made). The 
number of SNP bases were averaged across each recombination interval for all pairwise comparisons. 
Likewise, the number of non-SNP bases was averaged across each recombination interval for all pairwise 
comparisons. Since we aligned the reference genome contigs of D. persimilis to D. pseudoobscura instead 
of Illumina sequenced reads for MSH3 (the reference genome strain), we required that one other D. 
persimilis line have eligible bases in order for the MSH3 bases to be included.   
 
Fine-scale recombination maps: Recombination, diversity and divergence 
Neutral divergence can be used as a proxy for mutation rate [12,13].  We can account for the 
effect of the heterogeneity in mutation rate across the genome on diversity by including neutral 
divergence measures into a logistic regression (GLM with logit link function) with neutral diversity as the 
response variable (sensu Wilson and Hardy, 2002; Warton and Hui, 2010) (e.g. R code: cbind(# of SNP 
bases, # of non-SNP bases) ). We measured the average level of divergence between D. persimilis and D. 
lowei. We focused on divergence between these species because they are close enough to D. 
pseudoobscura to share similar variation in mutation rates along the genome, however, the divergence 
between them does not include the D. pseudoobscura lineage, which avoids confounding substitutions 
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with diversity measurements [14] . This divergence measure was used to account for neutral mutation rate 
variation across the genome and is separate from the divergence measures used between D. miranda and 
D. pseudoobscura, which were used for testing for a relationship between recombination and divergence.  
 
Ultrafine crossover maps: Marker development and recombination map construction   
Ultrafine scale crossover maps were generated for three regions along chromosome 2, placing a 
marker every ~20kb. In total, 20 indel markers within three regions across chromosome 2, were designed 
manually by viewing sorted bam files generated from bwa alignments in Integrative Genomics Viewer. 
v1.4.04 [15]. Their coordinates on chromosome 2 are: 6.003 Mb- 6.108 Mb (6 markers, 5 intervals, 
average interval 20.280 Kbp), 17.534 MB - 17.660 MB (7 markers, 6 intervals, average interval Kbp 
20.878), 21.438 Mb -21.537 Mb (6 markers, 5 intervals, average interval 19.870 Kbp) (see Table S4, S5).  
For brevity, these regions will be referred to as 6Mb, 17Mb, and 21Mb. Distance between markers was 
confirmed by aligning 76bp, 9kb mate-paired Illumina reads to the reference genome with bwa and 
ensuring that insert sizes were as expected for multiple read pairs. 
Using Flagstaff 16 and Flagstaff 14, we followed the same backcross scheme described in Fine-
scale crossover maps: Crosses and technical details section. Over 10,000 progeny from this backcross 
were stored in 96-well plates and frozen at -20°C. Flies were DNA prepped using 63.5ul squish buffer 
(10mM Tris-HCl (pH 8.2), 1mM EDTA, 25mM NaCl) + 1.3 proteinase K [16], a Zirconium bead was 
placed in each well, and packaging tape was sealed over the plate for 7 minutes at 23°C. Plates were then 
shaken using a Qiagen TissueLyser II for 45 seconds.  
The PCR recipe generally consisted of 0.5 uM of forward primer +M13 tag, 0.5 uM of reverse 
primer, 0.1 uM of  700IRD or 800IRD-labeled M13 tag, 1.5 mM  MgCl2, 1 X buffer, 0.2 mM dNTPs, 
and 1U of taq in a 10 uL reaction volume. Generally, the PCR program consisted of an initial denaturing 
step of 94ºC for 60 sec, three touch-down cycles of 94ºC- 58ºC- 72ºC for 30 sec each, followed by 31 
main cycles of 94ºC- 56ºC- 72ºC for 30 sec each. Products were visualized on a polyacrylamide gel using 
LICOR 4300. 
 In total, 9,657 individuals were scored for the 6Mb region, 10,160 individuals were scored for 
the 17Mb region, and 10,170 were scored for the 21Mb region. 95 % confidence intervals for 
recombination rate for each recombination interval were calculated by permutation [17,18]. All 9,657 
individuals were genotyped for the six markers of the 6Mb region (Table S4, S5). No double 
recombinants were found across the 6Mb region, therefore, for the 17Mb and 21Mb region the markers on 
the edge of each region were genotyped (e.g. 17_1, 17_7; Table S4, S5) and individuals identified as 
being recombinants were further genotyped for internal markers (e.g. 17_2 - 17_6; Table S4, S5) to 
identify where in the region the recombination event took place. 
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 Recombination and selection 
Recombination and nonsynonymous substitutions 
To test for a correlation between recombination rate and adaptive evolution, synonymous and 
nonsynonymous substitutions, specific to the D. pseudoobscura lineage, were calculated for each gene 
using PAML using all of the resequenced genomic and reference genomic data described above (one D. 
lowei, three D. miranda, three D. persimilis, two D. pseudoobscura bogotana and 11 D. pseudoobscura 
genomes, filtered for quality as described above).  We used a tree rooted with D. lowei to calculate the 
maximum likelihood estimates of synonymous and nonsynonymous substitutions using model A from 
Nielsen and Yang (2002) , with the following restrictions: ω (dN/dS) was not constrained to be equal on all 
branches of the tree, ω was fixed at 1 along the foreground branch, codon frequencies were estimated 
from the nucleotide frequencies observed in the data (F3X4 method), transition-transversion ratio was 
estimated for each gene, a single α for all sites was assumed, and branch lengths were estimated with 
maximum likelihood from starting values. We considered the branches leading to D. pseudoobscura and 
D. pseudoobscura bogotana to be the foreground branches. Genes with premature stop codons in multiple 
D. pseudoobscura lines or genes that did not have sufficient coverage in at least eight D. pseudoobscura 
genomes and one genome from each: D. lowei, D. pseudoobscura bogotana, D. persimilis, and D. 
miranda were excluded from this analysis. Flagstaff maps (D. pseudoobscura) were used in this analysis 
because both ultrafine scale and fine-scale maps were available. 
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  N  Central intervals Mean interval size (range) CT intervals  Mean CT interval size  
D. pseudoobscura — Flagstaff 
Chr2  1256  135   183.49 kb (33.99-672.61 kb) 5   1,069.59 (984.55-1,269.71) 
       median = 141.2      median = 1,012.30  
XL  1253  5   2,409.56 (1,691.92-3,465.99)        
       median = 1,775.34 
XR  1255  138   189.76 (29.79-954.62) 
       median = 145.90          
D. pseudoobscura — Pikes Peak 
Chr2  1404  151   164.04 (51.04-758.18)  7   832.80 (482.28-1,087.76) 
       median = 148.44     median = 984.34 
XL  1399  20   232.03 (187.64-502.21) 
       median = 199.52        
XR  1403  135   188.89 (58.61-964.99) 
       median = 157.46          
D. miranda 
Chr2  1166  148   260.14 (31.91-915.59)  6   890.75 (520.1-1,086.85) 
       median = 144.93     median = 998.4 
XL  1164  18   230.38 (192.39-394.63) 
       median = 202.90 
XR  1158  114   181.20 (81.28 – 634.60)  
       median = 160.16    
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D. pseudoobscura D. pseudoobscura D. miranda 
Chromosome 2      Pikes Peak  Flagstaff     
Max recombination rate (Kosambi cM/Mb)  30.810    17   23.960    
Average recombination rate (Kosambi cM/Mb)  4.054   3.761   5.390 
Crossovers per individual     1.053/1/1  1.063/1/1  1.401/1/1 
Total Mb covered     30.600   30.119   30.116 
% of chromosome      99.4%   97.8%   97.8% 
 
XL 
Max recombination rate (Kosambi cM/Mb)  15.76   6.66   14.25 
Average recombination rate (Kosambi cM/Mb)  3.937   4.18   5.435 
Crossovers per individual    0.229/0/0  0.496/0/0  0.265/0/0 
Total Mb covered     4.641   12.048   4.344 
% of chromosome arm     22.8   59.3   21.4 
 
XR 
Max recombination rate (Kosambi cM/Mb)  25.16   21.54   32.33  
Average recombination rate (Kosambi cM/Mb)  4.201   3.595   5.5 
Crossovers per individual    1.0601/1/1  1.008/1/1  1.540/1/1 
Total Mb covered     24.863   26.072   20.656 
% of chromosome arm     85.3   89.4   70.8 N
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D. pseudoobscura D. pseudoobscura D. miranda 
  Pikes Peak  Flagstaff  
Region 
Telomere 0.738   1.592   1.999 
Middle  4.243   4.132   5.615 
Centromere 0.479   1.011   1.887 
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Region 6.1Mb         
Locus  Location Size Indel Line  Forward primer    Reverse  Primer   
6MB_1  6,003,085 198 15 Flg14  CCAGGTGCTGCCTATTTTTG   ATACTCGTGGAGCTGGCTGT  
6MB_2  6,025,001 268 12 Flg16  CGATTGCTGTGTTAGTTTGCTT  GCCGCACAATTCATCATCT  
6MB_3  6,044,958 134 33 Flg14  GCATGGAATTAATCAACAATCG  AACTAAAGCCCGAGCTGCTG  
6MB_4  6,062,013 264 82 Flg14  AGTAGGTGTAGAGCCGCACAG   CAGAACACTGCTTTGACATTGA   
6MB_5  6,083,628 212 20 Flg14  CCAGCGAGAGGAACAAGAGA  CATCAATCAATGCGGAGAGA  
6MB_6  6,108,295 242 10 Flg14  CGTGCCGTTAAACCAAAATC   CCCACTGAGCACACTCTCAT 
 
Region 17.6Mb 
Locus  Location Size Indel Line  Forward primer      Reverse  Primer   
17.6MB_1 17,534,400 122 27 Flg16  CTCTGCCATCAATGCCTGTA    CGACTCAAGCAGCTACTTCTCA 
17.6MB_2 17,555,244 207 13 Flg16  TTGATGATATGATGAAGATTTGTTG  TGCCAAATATGGAGAGTTTTGA  
17.6MB_3 17,575,208 230 15 Flg16  AAAGAATATTAAAGCTGAAATCTACGA  ATAGGTATATGCAGCAACTTCTGA 
17.6MB_4 17,594,420 207 34 Flg16  CTGGCATCCATTTTTATTCG    GAGAAAAGTGAAGCAGCGATTT  
17.6MB_5 17,615,966 202 32 Flg16  TTGCTTCGTTTTATACAATTTTGG   AAAATTGCACCCACGAGACT 
17.6MB_6 17,638,343 250 16 Flg14  AAGAGAGGGAGGGGTATTTCA   CCAATTCCGAAGCCTAATGA  
17.6MB_7 17,659,667 167 17 Flg14  ATATCAGTAGGGATACTCATCTTCG  GCAGAAAATCAACATGGATCG  
 
Region 21.4Mb  
Locus  Location Size Indel Line  Forward primer      Reverse  Primer 
21.2 MB_2 21,437,772 180 29 Flg14  GCTGTTCAGCTACGAAAAACC   GAGTCGGAGCAGAAAACGAA  
21.3 MB_3 21,465,132 269 45 Flg16  GGTTTAAGATGGTTTTTCCTTTAGAA GGGCTTTCAACTTTGTTTGG  
21.4 MB_4 21,488,272 147 17 Flg16  TCGACGGTGGAAACATCTTC    GCACGAAATCCGTAATCGAC 
21.5 MB_5 21,500,886 117 12 Flg16  GAGGAATTTGTTTACTGCTACCG   AAGGAGAATTAAAACCTTGCACA  
21.6 MB_6 21,519,392 176 18 Flg14  GGGAAAATTCCCAAGGAAGA   TGAACGATCAATAATTGGCATA  
21.8 MB_7 21,537,120 167 36 Flg16  CCGTCTGATTTGTTGGTCAT    GCCCCAACATGCAGATAAAA 
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Region 6.1 Mb         
Interval  Marker1 Marker2 Recom. Total Mb  cM/Mb Low cM/Mb HighcM/Mb  
6_1-6_2 6,003,085 6,025,001 22 9667 0.021916 10.38 5.82 19.51  
6_2-6_3 6,025,001 6,044,958 9 9665 0.019957 4.67 0 9.68  
6_3-6_4 6,044,958 6,062,013 6 9666 0.017055 3.64 0 9.50  
6_4-6_5 6,062,013 6,083,628 6 9667 0.021615 2.87 0 7.50  
6_5-6_6 6,083,628 6,108,295 15 9666 0.024667 6.29 2.24 14.40  
          
Region 17.6 Mb           
Interval  Marker1 Marker2 Recom. Total Mb  cM/Mb Low cM/Mb HighcM/Mb  
17_1-17_2 17,534,400 17,555,244 45 10160 0.020844 21.25 11.65 30.85  
17_2-17_3 17,555,244 17,575,208 14 10160 0.019964 6.9 1.89 16.92  
17_3-17_4 17,575,208 17,594,420 7 10160 0.019212 3.59 0 8.79  
17_4-17_5 17,594,420 17,615,966 9 10160 0.021546 4.11 0 8.75  
17_5-17_6 17,615,966 17,638,343 8 10160 0.022377 3.52 0 7.99  
17_6-17_7 17,638,343 17,659,667 30 10160 0.021324 13.85 9.16 23.23  
                
Region 21.4 Mb          
Interval  Marker1 Marker2 Recom. Total Mb  cM/Mb Low cM/Mb HighcM/Mb  
21_2-21_3 21,437,772 21,465,132 12 10170 0.02736 4.31 0.66 7.97  
21_3-21_4 21,465,132 21,488,272 19 10170 0.02314 8.07 3.75 12.4  
21_4-21_5 21,488,272 21,500,886 3 10170 0.012614 2.34 0 10.27  
21_5-21_6 21,500,886 21,519,392 3 10170 0.018506 1.59 0 7  
21_6-21_8 21,519,392 21,537,120 11 10170 0.017728 6.1 0.46 11.74   
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        Chr 2      XR    
A. Condensed, conserved intervals 
N       27     7  
Mean size      305.95 kb    316.89kb 
Median size     231.23 kb    295.40kb 
Range       104.45 kb – 1,269.70 kb 122.97 - 559.19 kb 
 
B. Differences between marker location across all three maps, conserved intervals 
Range (min, max)    0-5,513 bp    3-2,705 bp 
Mean       699 bp     580 bp 
Mode       0 bp     116 bp 
Median       457 bp     416 bp  
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Strain Collection locality and 
date 
Species bp Reads Type of 
Sequencing 
Mather 32 Mather, CA; 1997 D. pseudoobscura 8,010,565,950 106,807,546 Illumina-75bp 
MSH24 Mount St. Helena, CA; 
1997 
D. pseudoobscura 7,699,081,950 102,654,426 Illumina-75bp 
MSH9 Mount St. Helena, CA D. pseudoobscura 8,484,305,700 113,124,076 Illumina-75bp 
Tree Line Mather, CA; 1959 D. pseudoobscura 6,864,302,025 91,524,027 Illumina-75bp 
Pikes Peak 1134 Bosque del Apache 
National Wildlife Refuge, 
NM; 2006 
D. pseudoobscura 7,868,843,700 104,917,916 Illumina-75bp 
Pikes Peak 1137 Bosque del Apache 
National Wildlife Refuge, 
NM; 2006 
D. pseudoobscura 9,080,119,350 
2,412,073,560 
121,068,258 
31,737,810 
Illumina-75bp 
Illumina-76bp 
mate-paired* 
American Fork 
Canyon 12 
American Fork Canyon, 
UT; 1997 
D. pseudoobscura 8,296,150,350 110,615,338 Illumina-75bp 
Flagstaff18 Flagstaff, AZ; 1997 D. pseudoobscura 7,231,357,875 96,418,105 Illumina-75bp 
Flagstaff16 Flagstaff, AZ; 1997 D. pseudoobscura 3,811,124,520 
2,470,869,744 
108,889,272 
32,511,444 
Illumina-35bp 
Illumina-76bp 
mate-paired* 
Flagstaff14 Flagstaff, AZ; 1997 D. pseudoobscura 3,317,092,975 94,774,085 Illumina-35bp 
MV2-25 Genome reference D. pseudoobscura — — — 
BogWer  D. ps. bogotana 1,280,008,872 PE 
2,690,495,684 PE 
35,555,802 PE 
35,401,259 PE 
Illumina 36 bp PE* 
Illumina 76 bp PE* 
TORO  D. ps. bogotana 4,897,006,724 PE 64,434,299 PE Illumina 76bp PE* 
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 MSH22 Mount St. Helena, CA; 
1997 
D. miranda 767,944,812 PE 10,104,537 PE Illumina-75bp PE* 
SP138  D. miranda 1,901,271,480 PE 25,016,730 PE Illumina-76bp PE* 
MAO3.5  D. miranda 1,213,232,384 PE 15,963,584 PE Illumina-76bp PE* 
MSH1993 Mount St. Helena, CA; 
1993 
D. persimilis 1,265,090,680 PE 
2,544,881,775 PE 
36,145,448 PE 
33,931,757 PE 
Illumina-35bp PE* 
Illumina-75bp PE* 
MSH3 Genome reference D. persimilis — — — 
SCI Santa Cruz Island, CA 
SexRatio; 2004 
D. persimilis 5,224,672,900 PE 104,493,458 PE Illumina-50bp 
HiSeq PE*  
Lab 3 D. lowei Lab3Lowei 8,878,213,904 
1,164,178,184 PE 
116,818,604 
7,659,067 PE 
Illumina-75bp 
Illumina-75bp PE* 
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A) D. miranda - Four-fold degenerate sites, Chromosome 2:  
Response: Within D. miranda diversity            
 Df Deviance Resid.Df Resid. Dev F Pr(>F)  
NULL   153 1407.7   
GC 1 72.391 152 1335.3 8.3996 0.0043623* 
Gene.Density 1 118.672 151 1216.7 13.7697 0.000298* 
Mutation 1 12.378 150 1204.3 1.4363 0.2327806 
Recombination 1 103.227 149 1101.1 11.9776 0.0007155* 
GC*Gene.Density 1 0.029 148 1101 0.0034 0.9538474 
GC*Mutation 1 4.445 147 1096.6 0.5157 0.4738775 
Gene.Density*Mutation 1 0 146 1096.6 0 0.995923 
GC*Recombination 1 7.521 145 1089.1 0.8727 0.3518336 
Gene.Density*Recombination 1 0.882 144 1088.2 0.1023 0.7495525 
Mutation*Recombination 1 10.53 143 1077.7 1.2218 0.2709224 
GC*Gene.Density*Mutation 1 14.147 142 1063.5 1.6414 0.20226 
GC*Gene.Density*Recombination 1 10.854 141 1052.7 1.2594 0.2636954 
GC*Mutation*Recombination 1 2.651 140 1050 0.3076 0.5800608 
Gene.Density*Mutation*Recombination 1 0.009 139 1050 0.001 0.9745784    
    
  
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
12
.7
00
5.
1 
: P
os
te
d 
20
 M
ar
 2
01
2
B) D. miranda - Four-fold degenerate sites, Chromosome 2: 
Response: D. miranda-D. pseudoobscura divergence         
 Df Deviance Resid. Df Resid. Dev F Pr(>F)  
NULL   153 732.37   
GC 1 19.147       152 713.22   4.6370   0.033015 *   
Gene.Density 1 2.198        151 711.03   0.5323   0.466886   
Mutation 1 69.352        150 641.67  16.7953  <0.0001*   
Recombination 1 4.502        149 637.17   1.0903   0.298213   
GC*Gene.Density 1 0.159        148 637.01   0.0384   0.844924   
GC*Mutation 1 1.282        147 635.73   0.3105   0.578254   
Gene.Density*Mutation 1 0.011        146 635.72   0.0026   0.959554   
GC*Recombination 1 3.172        145 632.55   0.7681   0.382303   
Gene.Density*Recombination 1 4.866        144 627.68   1.1784   0.279561   
Mutation*Recombination 1 3.531       143 624.15   0.8550   0.356739   
GC*Gene.Density*Mutation 1 4.619        142 619.53   1.1185   0.292076   
GC*Gene.Density*Recombination 1 3.059        141 616.48   0.7407   0.390921   
GC*Mutation*Recombination 1 39.055        140 577.42   9.4580   0.002532 *   
Gene.Density*Mutation*Recombination 1 0.923        139 576.50   0.2236   0.637064    
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C) Flagstaff recombination map- Four-fold degenerate sites, Chromosome 2:     
Response: D. pseudoobscura-D. pseudoobscura diversity          
 Df Deviance Resid. Df Resid. Dev F Pr(>F)  
NULL   139      1614.4    
GC 1   123.656 138      1490.8  13.4016  0.0003695 *    
Gene.Density 1     0.449 137      1490.3   0.0486  0.8258235    
Mutation 1    37.920 136      1452.4   4.1097  0.0447645 *    
Recombination 1   170.555 135      1281.8  18.4843  <0.0001*    
GC*Gene.Density 1     6.641 134      1275.2   0.7198  0.3978368    
GC*Mutation 1     6.519 133      1268.7   0.7065  0.4022185    
Gene.Density*Mutation 1     2.402 132      1266.3   0.2603  0.6107925    
GC*Recombination 1     4.496 131      1261.8   0.4873  0.4864508    
Gene.Density*Recombination 1     1.678 130      1260.1   0.1819  0.6705150    
Mutation*Recombination 1    5.037 129      1255.0   0.5459  0.4613671    
GC*Gene.Density*Mutation 1     0.022 128      1255.0   0.0024 0.9611136    
GC*Gene.Density*Recombination 1     6.060 127      1249.0   0.6567  0.4192511    
GC*Mutation*Recombination 1     5.687 126      1243.3   0.6164  0.4338875    
Gene.Density*Mutation*Recombination 1     3.315 125      1240.0   0.3593  0.5499754    
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D) Flagstaff recombination map- Four-fold degenerate sites, Chromosome 2:  
Response: D. miranda-D.pseudoobscura divergence           
 Df Deviance Resid. Df Resid. Dev F Pr(>F)  
NULL   139      739.36    
GC 1    37.187 138      702.17   8.2064  0.0048980 *    
Gene.Density 1     5.735 137      696.44   1.2655  0.2627605    
Mutation 1    72.712 136      623.73  16.0460  0.0001054 *    
Recombination 1     2.624 135      621.10   0.5790  0.4481307    
GC*Gene.Density 1    2.735 134      618.37   0.6035  0.4387226    
GC*Mutation 1     0.192 133      618.18   0.0424  0.8371968    
Gene.Density*Mutation 1     1.528 132      616.65   0.3373  0.5624525    
GC*Recombination 1    12.082 131      604.57   2.6663  0.1050103    
Gene.Density*Recombination 1    11.419 130      593.15   2.5199  0.1149416    
Mutation*Recombination 1     5.034 129      588.11   1.1110  0.2938985    
GC*Gene.Density*Mutation 1    10.089 128      578.02   2.2265  0.1381783    
GC*Gene.Density*Recombination 1     0.092 127      577.93   0.0204  0.8867713    
GC*Mutation*Recombination 1     3.980 126      573.95   0.8784  0.3504423    
Gene.Density*Mutation*Recombination 1     0.820 125     573.13  0.1809  0.6713456    
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E) Pikes Peak recombination map-- Four-fold degenerate sites, Chromosome 2:    
Response: D. pseudoobscura-D. pseudoobscura diversity          
 Df Deviance Resid. Df Resid. Dev F Pr(>F)  
NULL   157      1774.3    
GC 1   109.330 156      1664.9  12.3593  0.0005882 *    
Gene.Density 1     2.744 155      1662.2   0.3102  0.5784099    
Mutation 1    41.552 154      1620.6   4.6973  0.0318654 *    
Recombination 1   204.338 153      1416.3  23.0996  <0.0001*   
GC*Gene.Density 1     8.321 152      1408.0   0.9406  0.3337503    
GC*Mutation 1     5.080 151      1402.9   0.5743  0.4498149    
Gene.Density*Mutation 1     0.440 150      1402.5   0.0497  0.8239321    
GC*Recombination 1     1.329 149      1401.1   0.1502  0.6989117    
Gene.Density*Recombination 1    27.884 148      1373.2   3.1522  0.0779535     
Mutation*Recombination 1     7.531 147      1365.7   0.8513  0.3577315    
GC*Gene.Density*Mutation 1     2.769 146      1362.9   0.3130  0.5767072    
GC*Gene.Density*Recombination 1     0.262 145     1362.7   0.0296  0.8636702    
GC*Mutation*Recombination 1    20.813 144      1341.9   2.3529  0.1272606    
Gene.Density*Mutation*Recombination 1 0.129 143      1341.7   0.0146  0.9040979    
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F) Pikes Peak recombination map-- Four-fold degenerate sites, Chromosome 2:    
Response: D. miranda-D. pseudoobscura divergence          
 Df Deviance Resid. Df Resid. Dev F Pr(>F)  
NULL   157      790.76    
GC 1    33.666 156      757.09   8.0928   0.005097 *    
Gene.Density 1     5.567 155      751.53   1.3382   0.249276    
Mutation 1    89.712 154      661.81  21.5654  <0.0001*    
Recombination 1     0.963 153      660.85   0.2316   0.631106    
GC*Gene.Density 1     5.289 152      655.56   1.2715   0.261374    
GC*Mutation 1     1.526 151      654.03   0.3668   0.545723    
Gene.Density*Mutation 1     0.172 150      653.86   0.0413   0.839260    
GC*Recombination 1    25.650 149      628.21  6.1657   0.014181 *    
Gene.Density*Recombination 1     0.030 148      628.18   0.0072   0.932619    
Mutation*Recombination 1     2.195 147      625.99   0.5277   0.468775    
GC*Gene.Density*Mutation 1    12.999 146      612.99   3.1247   0.079249     
GC*Gene.Density*Recombination 1     2.285 145      610.71   0.5492   0.459877    
GC*Mutation*Recombination 1     2.109 144      608.60   0.5071   0.477569    
Gene.Density*Mutation*Recombination 1    13.592 143      595.00   3.2673   0.072776  
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A) D. miranda - Four-fold degenerate sites, XR chromosome arm:  
Response: Within D. miranda diversity              
      Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   113 1294.04    
GC 1 13.146 112 1280.9 1.4756 0.2273553  
Gene Density 1 132.058 111 1148.84 14.8224 0.0002095* 
Mutation 1 75.141 110 1073.7 8.434 0.0045418* 
Recombination 1 49.551 109 1024.15 5.5618 0.020322* 
GC*Gene Density 1 34.286 108 989.86 3.8483 0.0526035  
GC*Mutation 1 10.671 107 979.19 1.1978 0.2764188  
Gene Density*Mutation 1 3.586 106 975.6 0.4025 0.5272417  
GC*Recombination 1 1.883 105 973.72 0.2114 0.6466895  
Gene Density*Recombination 1 0.218 104 973.5 0.0244 0.876069  
Mutation*Recombination 1 7.314 103 966.19 0.8209 0.3671077  
GC*Gene Density*Mutation 1 2.563 102 963.63 0.2876 0.592943  
GC*Gene Density*Recombination 1 1.719 101 961.91 0.1929 0.6614435  
GC*Mutation*Recombination 1 10.568 100 951.34 1.1862 0.2787394  
Gene Density*Mutation*Recombination 1 0.699 99 950.64 0.0784 0.7800308  
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B) D. miranda - Four-fold degenerate sites, XR chromosome arm:  
Response: D. pseudoobscura- D. miranda divergence          
 Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   113 280.14    
GC 1 7.751 112 272.39 4.8492 0.02998 * 
Gene Density 1 2.408 111 269.98 1.5064 0.22259 
Mutation 1 100.452 110 169.53 62.8465 <0.0001* 
Recombination 1 0.129 109 169.4 0.0809 0.77671 
GC*Gene Density 1 1.19 108 168.21 0.7445 0.3903  
GC*Mutation 1 0.044 107 168.16 0.0278 0.86799 
Gene Density*Mutation 1 0.004 106 168.16 0.0028 0.95786 
GC*Recombination 1 1.055 105 167.11 0.6599 0.41855 
Gene Density*Recombination 1 0.202 104 166.9 0.1264 0.72297 
Mutation*Recombination 1 2.049 103 164.85 1.2818 0.2603  
GC*Gene Density*Mutation 1 0.047 102 164.81 0.0293 0.86447 
GC*Gene Density*Recombination 1 2.974 101 161.84 1.8605 0.17566 
GC*Mutation*Recombination 1 0.962 100 160.87 0.6021 0.43964 
Gene Density*Mutation*Recombination 1 0.035 99 160.84 0.0219 0.88263 
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C) D. pseudoobscura – Flagstaff- Four-fold degenerate sites, XR chromosome arm:  
Response: Within D. pseudoobscura diversity            
 Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   136 1581.6    
GC 1 10.875 135 1570.7 1.1412 0.2874977  
Gene Density 1 34.98 134 1535.8 3.6709 0.0577106  
Mutation 1 32.824 133 1502.9 3.4447 0.0658688  
Recombination 1 148.655 132 1354.3 15.6004 0.0001314* 
GC*Gene Density 1 0.36 131 1353.9 0.0378 0.8461074  
GC*Mutation 1 8.677 130 1345.2 0.9106 0.3418471  
Gene Density*Mutation 1 2.283 129 1343 0.2396 0.6254064  
GC*Recombination 1 3.369 128 1339.6 0.3536 0.553192  
Gene Density*Recombination 1 22.2 127 1317.4 2.3297 0.1295152  
Mutation*Recombination 1 30.721 126 1286.7 3.224 0.075043  
GC*Gene Density*Mutation 1 8.031 125 1278.6 0.8428 0.3604147  
GC*Gene Density*Recombination 1 0.001 124 1278.6 0.0001 0.9918976  
GC*Mutation*Recombination 1 4.257 123 1274.4 0.4467 0.5051451  
Gene Density*Mutation*Recombination 1 4.499 122 1269.9 0.4722 0.4932854  
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D) D. pseudoobscura – Flagstaff- Four-fold degenerate sites, XR chromosome arm:  
Response: D. pseudoobscura- D. miranda divergence           
 Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   136 351.56    
GC 1 17.115 135 334.45 9.4064 0.002664* 
Gene Density 1 4.855 134 329.59 2.668 0.104961  
Mutation 1 89.759 133 239.84 49.33 <0.0001* 
Recombination 1 0.782 132 239.05 0.4299 0.513293  
GC*Gene Density 1 0.085 131 238.97 0.0468 0.829146  
GC*Mutation 1 1.506 130 237.46 0.8277 0.364741  
Gene Density*Mutation 1 3.994 129 233.47 2.1951 0.141032  
GC*Recombination 1 1.072 128 232.4 0.5893 0.444177  
Gene Density*Recombination 1 0.413 127 231.98 0.227 0.634601  
Mutation*Recombination 1 0.912 126 231.07 0.501 0.480407  
GC*Gene Density*Mutation 1 0.013 125 231.06 0.007 0.933613  
GC*Gene Density*Recombination 1 0.023 124 231.04 0.0128 0.910198  
GC*Mutation*Recombination 1 0.61 123 230.43 0.3351 0.563711  
Gene Density*Mutation*Recombination 1 6.865 122 223.56 3.7729 0.054394 
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E) D. pseudoobscura – Pikes Peak- Four-fold degenerate sites, XR chromosome arm:  
Response: Within D. pseudoobscura diversity            
 Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   130 1494    
GC 1 54.575 129 1439.4 6.5445 0.0118089* 
Gene Density 1 120.877 128 1318.5 14.4953 0.0002261* 
Mutation 1 39.68 127 1278.8 4.7584 0.0311737* 
Recombination 1 76.876 126 1201.9 9.2188 0.0029585* 
GC*Gene Density 1 20.345 125 1181.6 2.4397 0.121022  
GC*Mutation 1 10.215 124 1171.4 1.225 0.2706721  
Gene Density*Mutation 1 0.131 123 1171.2 0.0157 0.9004146  
GC*Recombination 1 7.746 122 1163.5 0.9289 0.3371549  
Gene Density*Recombination 1 15.833 121 1147.7 1.8986 0.1708865  
Mutation*Recombination 1 0.238 120 1147.4 0.0285 0.8662052  
GC*Gene Density*Mutation 1 0.472 119 1147 0.0566 0.8123411  
GC*Gene Density*Recombination 1 0.181 118 1146.8 0.0217 0.8830633  
GC*Mutation*Recombination 1 35.475 117 1111.3 4.254 0.04139 * 
Gene Density*Mutation*Recombination 1 0 116 1111.3 0 0.9963668  
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F) D. pseudoobscura – Pikes Peak- Four-fold degenerate sites, XR chromosome arm:  
Response: D. pseudoobscura- D. miranda divergence           
 Df Deviance Resid.Df ResidDev. F Pr(>F)  
NULL   130 341.12    
GC 1 34.131 129 306.99 21.9624 7.63E-06* 
Gene Density 1 2.91 128 304.08 1.8727 0.17381 
Mutation 1 96.29 127 207.79 61.9605 <0.0001* 
Recombination 1 0.004 126 207.79 0.0026 0.95933 
GC*Gene Density 1 6.892 125 200.89 4.4351 0.03736 * 
GC*Mutation 1 1.815 124 199.08 1.1681 0.28204 
Gene Density*Mutation 1 0.361 123 198.72 0.232 0.63094 
GC*Recombination 1 0.8 122 197.92 0.5151 0.47438 
Gene Density*Recombination 1 3.416 121 194.5 2.1979 0.14091 
Mutation*Recombination 1 0.149 120 194.35 0.096 0.75728 
GC*Gene Density*Mutation 1 0.205 119 194.15 0.1316 0.7174  
GC*Gene Density*Recombination 1 0.001 118 194.15 0.0004 0.98486 
GC*Mutation*Recombination 1 2.912 117 191.24 1.8739 0.17368 
Gene Density*Mutation*Recombination 1 6.735 116 184.5 4.334 0.03956*  
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A) D. miranda - Four-fold degenerate sites, XL chromosome arm:  
Response: Within D. miranda diversity                
  Df Deviance ResDf ResidDev. F  Pr(>F)  
NULL     17  187.95    
GC  1 32.12  16  155.831  5.1441 0.10812 
Gene Density 1 0.035  15  155.795  0.0057 0.94476 
Mutation 1 6.18  14  149.616  0.9897 0.39315 
Recombination 1 51.183  13  98.433  8.1971 0.06442 
GC*Gene Density 1 9.7  12  88.733  1.5536 0.30107 
GC*Mutation 1 0.514  11  88.219  0.0823 0.79289 
Gene Density*Mutation 1 3.735  10  84.484  0.5982 0.49561 
GC*Recombination 1 13.404  9  71.08  2.1466 0.23912 
Gene Density*Recombination 1 12.142  8  58.939  1.9445 0.2575  
Mutation*Recombination 1 21.728  7  37.211  3.4798 0.15897 
GC*Gene Density*Mutation 1 0.251  6  36.96  0.0402 0.85391 
GC*Gene Density*Recombination 1 8.455  5  28.505  1.3541 0.3287  
GC*Mutation*Recombination 1 0.84  4  27.665  0.1345 0.73816 
Gene Density*Mutation*Recombination 1 7.341  3  20.324  1.1758 0.35758 
        
B) D. miranda - Four-fold degenerate sites, XL chromosome arm:  
Response: D. pseudoobscura- D. miranda divergence                
  Df Deviance ResDf ResidDev.  F  Pr(>F)  
NULL     17  64.758    
GC  1 3.5633  16  61.195  0.6337 0.4842  
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Gene Density 1 13.5953 15  47.6  2.4178 0.2178  
Mutation 1 4.9955  14  42.604  0.8884 0.4154  
Recombination 1 2.1624  13  40.442  0.3846 0.5791  
GC*Gene Density 1 1.7637  12  38.678  0.3136 0.6145  
GC*Mutation 1 3.5812  11  35.097  0.6369 0.4832  
Gene Density*Mutation 1 2.4139  10  32.683  0.4293 0.5591  
GC*Recombination 1 8.3188  9  24.364  1.4794 0.3108  
Gene Density*Recombination 1 0.1345  8  24.23  0.0239 0.8869  
Mutation*Recombination 1 6.1021  7  18.128  1.0852 0.3741  
GC*Gene Density*Mutation 1 0.4931  6  17.635  0.0877 0.7864  
GC*Gene Density*Recombination 1 0.0001  5  17.635  0  0.997  
GC*Mutation*Recombination 1 0.1427  4  17.492  0.0254 0.8836  
Gene Density*Mutation*Recombination 1 0.1183  3  17.374  0.021 0.8939  
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C) D. pseudoobscura – Pikes Peak- Four-fold degenerate sites, XL chromosome arm:  
Response: Within D. pseudoobscura diversity            
  Df Deviance ResDf ResidDev.  F  Pr(>F)  
NULL     18  214.967    
GC  1 55.434  17  159.533  21.125 0.01006 * 
Gene Density 1 0.07  16  159.464  0.0265 0.878565  
Mutation 1 1.437  15  158.027  0.5476 0.500376  
Recombination 1 83.248  14  74.779  31.7247 0.004889* 
GC*Gene Density 1 17.536  13  57.243  6.6827 0.060999 
GC*Mutation 1 4.77  12  52.473  1.8178 0.24886 
Gene Density*Mutation 1 0.251  11  52.222  0.0955 0.772729  
GC*Recombination 1 0.524  10  51.698  0.1996 0.678154  
Gene Density*Recombination 1 4.796  9  46.903  1.8276 0.247803  
Mutation*Recombination 1 9.238  8  37.665  3.5203 0.133859  
GC*Gene Density*Mutation 1 3.466  7  34.199  1.3209 0.314485  
GC*Gene Density*Recombination 1 5.833  6  28.365  2.2231 0.210226  
GC*Mutation*Recombination 1 16.542  5  11.823  6.3041 0.066002  
Gene Density*Mutation*Recombination 1 1.366  4  10.457  0.5205 0.510539  
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D) D. pseudoobscura – Pikes Peak- Four-fold degenerate sites, XL chromosome arm:  
Response: D. pseudoobscura- D. miranda divergence           
  Df Deviance ResDf ResidDev.  F  Pr(>F)  
NULL     18  65.51    
GC  1 0.0961  17  65.414  0.0278 0.8757  
Gene Density 1 12.6886 16  52.726  3.6669 0.128  
Mutation 1 6.7445  15  45.981  1.9491 0.2352  
Recombination 1 5.432  14  40.549  1.5698 0.2785  
GC*Gene Density 1 1.6705  13  38.879  0.4828 0.5254  
GC*Mutation 1 1.9806  12  36.898  0.5724 0.4914  
Gene Density*Mutation 1 13.0162 11  23.882  3.7616 0.1244  
GC*Recombination 1 4.4073  10  19.475  1.2737 0.3222  
Gene Density*Recombination 1 1.6788  9  17.796  0.4852 0.5244  
Mutation*Recombination 1 1.9592  8  15.837  0.5662 0.4936  
GC*Gene Density*Mutation 1 0.5607  7  15.276  0.162 0.7079  
GC*Gene Density*Recombination 1 0.8106  6  14.465  0.2343 0.6537  
GC*Mutation*Recombination 1 0.3861  5  14.079  0.1116 0.7551  
Gene Density*Mutation*Recombination 1 0.0281  4  14.051  0.0081 0.9325  
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Response: D. pseudoobscura diversity 
  Estimate   Std. Error   z value  p-value 
 (Intercept)  -2.9882     1.72158    -1.736    0.0826 
GC           -4.1940     3.7072     -1.131    0.2579   
Gene Density   0.1183    0.5652     0.209    0.8342   
Mutation      11.054     11.0130     1.004    0.3155   
Recombination        -0.003553   0.0073     -0.495    0.6209   
 
Response: D. pseudoobscura-D. miranda divergence 
  Estimate   Std. Error   z value  p-value 
 (Intercept)   -5.2461    1.4111    -3.718  0.0002* 
GC             1.3335     3.0162      0.442  0.6584     
Gene Density    -0.0661    0.4391      -0.151  0.8803     
Mutation      12.4100    9.3207      1.331  0.1830     
Recombination          0.00496    0.0063      0.785  0.4325     
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
12
.7
00
5.
1 
: P
os
te
d 
20
 M
ar
 2
01
2
Ultrafine Scale – 6Mb region only 
Response: Nonsynonymous substitutions along the D. pseudoobscura lineage 
    Estimate  Std. Error  z value   p-value  
(Intercept)  6.743      8.908     0.757     0.449 
Synonymous  0.105      0.162     0.647     0.518 
GC content  -12.660     15.225   -0.832     0.406 
Gene density  5.922       8.755     0.676     0.499 
Neutral mutation rate 4.276      12.854    0.333     0.739 
Recombination  -0.127     0.151    -0.843     0.399 
 
Ultrafine Scale – 17Mb and 21Mb region only 
Response: Nonsynonymous substitutions along the D. pseudoobscura lineage 
    Estimate  Std. Error  z value   p-value  
(Intercept)  -7.049      5.835    -1.208    0.227  
Synonymous  0.377      0.115     3.289    0.001* 
GC content  13.113     11.278    1.163    0.245    
Gene density  1.738      3.974     0.437    0.662   
Neutral mutation rate -35.642     18.329   -1.945    0.052 
Recombination  -0.364      0.151    -2.410    0.016*  
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